
AD

Award Number: DAMD17-01-1-0029

TITLE: Comprehensive Development Program of Hunter-Killer
Peptides for Prostate Cancer

PRINCIPAL INVESTIGATOR: Howard M. Ellerby, Ph.D.

CONTRACTING ORGANIZATION: Buck Institute for Age Research
Novato, California 94948

REPORT DATE: May 2004

TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 074-0188

Public reporting burden for this collection of information is estimated to average I hour per response, including the time for reviewing instructions, searching eisting data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Inforration Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Prolect (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
(Leave blank) May 2004 Annual (1 May 03-30 Apr 04)

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Comprehensive Development Program of Hunter-Killer DAMD17-01-1-0029
Peptides for Prostate Cancer

6. AUTHOR(S)
Howard M. Ellerby, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Buck Institute for Age Research REPORT NUMBER
Novato, California 94948

E-Mail: mellerby@buckinstitute.org

9. SPONSORING / MONITORING 10. SPONSORING / MONITORING
AGENCY NAME(S) AND ADDRESS(ES) AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

Original contains color plates. All DTIC reproductions will be in black and white.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 Words)
Prostate cancer is now the most common cancer among men in the United States.
Angiogenesis is required for prostate tumor survival, growth, and metastasis. We
proposed to design novel Hunter-Killer Peptides (HKPs), each representing a chimeric
peptide of an angiogenesis-targeting peptide and a mitochondrial membrane-disrupting
peptide. While non-toxic in the circulation, the HKPs will be preferentially toxic to
mitochondria once internalized into angiogenic cells, via the targeting domain. As we
reported in Ellerby et al., Nature Medicine, 5, 1032-1038, 1999, our prototypes contain
only 21 and 26 amino acid residues, are selectively toxic to angiogenic endothelial cells
and show strong anti-cancer activity in mice (breast carcinoma xenografts) . In the work
described here, we evaluated the HKPs for efficacy and toxicity in a xenograft model of
human prostate carcinoma, and in the TRAMP (transgenic adenocarcinoma mouse prostate)
model for prostate cancer. The central theme of this research is to develop and appraise
this new chemotherapy with the goal of producing both a safer, and more effective,
treatment of advanced prostate cancer.

14. SUBJECT TERMS 15. NUMBER OF PAGES
No subject terms provided. 35

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



Annual Report

DAMD17-01-1-0029

TABLE OF CONTENTS

Front Cover ........................................................................................................................ I

Standard Form (SF) 298, Report Documentation Page ......................................... 2

Table of Contents ....................................................................................................... 3

Introduction ....................................................................................................................... 4

Body .................................................................................................................................... 4

K ey Research Accom plishm ents ................................................................................ 6

Reportable O utcom es ................................................................................................... 7

C onclusions ....................................................................................................................... 8
References .......................................................................................................................... 8

Bibliography ............................................................................................................. 9

List of Personnel ......................................................................................................... 9

A ppendices ........................................................................................................................ 9



Annual Report

DAMD17-01-1-0029

Introduction

The subject of our research is prostate cancer. The purpose of this research is the development of a
more effective and less toxic treatment for prostate cancer. The currently used chemo-therapeutic
agents are drugs with the narrowest therapeutic index in all of medicine. Therefore, effective doses
of a wide variety of anti-cancer agents are restricted by their non-selective, highly toxic effect on
normal tissues. In response to this, we designed short peptides composed of two functional
domains, one a tumor blood vessel 'homing' sequence and the other a programmed cell death-
inducing sequence, and synthesized them by basic peptide chemistry. The 'homing' domain was
designed to guide the peptide to targeted cells and permit its internalization. The pro-apoptotic
domain was designed to be non-toxic outside all cells, but toxic when internalized into just the
targeted cells by the disruption of mitochondrial membranes.

Thus our approach was to create non-toxic anticancer peptides, which we named Hunter-
Killer Peptides (HKP), designed to only destroy tumor blood vessels while leaving normal blood
vessels unharmed. As presented in Ellerby et al., 1999, we succeeded in the development of HKPs,
demonstrating that although our 2 prototypes contained only 21 and 26 amino acid residues, they
were selectively toxic to angiogenic endothelial cells and had strong anti-cancer activity in mice.
Furthermore, in Arap et al., 2002, we showed that HKPs delayed the development of the cancers in
prostate cancer-prone transgenic mice (TRAMP mice). Moreover we elaborate on our previous
report that HKPs can be given IP (intraperitoneal) in addition to IV (intravenous; tail vein injection
in mice), opening up the possibility to administer our peptides more than once a week. We found
that IP injection of 2 of our prototypes was more effective at reduces tumor volumes than IV. A
manuscript on this work is now in preparation. We also discuss problems and solutions to those
problems encountered this year with our CNGRC-based peptides, involving peptide quality, and
receptor expression. We conclude this part of the report with a discussion of a study that we have
just begun to treat TRAMP mice that spontaneously get prostate cancer, with a dual therapy
designed to attack the prostate tumors blood vessels and the prostate cells as well. These studies
will be completed at the end of August, 2004.

We also review and elaborate on our previous report concerning a new anti-cancer therapy
that complements our work on targeted antiangiogenic peptides. We have discovered that certain
membrane-disrupting/pore-forming peptides can be quite effective as direct anti-neoplastic agents
(directly killing cancer cells). Specifically, we review here, as described in our recent published
paper (Ellerby et al., 2003), that a 69 amino acid peptide, Small Globular Protein (SGP) can
reduce tumor volume (eliminating some tumors), and increase survival, in a xenograft model of
human prostate carcinoma. We conclude this report with a discussion of a study that we have just
begun to treat TRAMP mice that spontaneously get prostate cancer, with a dual therapy designed to
attack both the prostate tumors blood vessels and the prostate cells.

Body

Our work to date in designing, synthesizing, and testing Hunter-Killer Peptides (HKPs), and Small
Globular Protein (SGP), is described in the accompanying reprints by Ellerby et al., 1999, and Arap
et al., 2002, and in our newly published paper Ellerby et al., 2003, in the appendix. In the
following, we re-state the approved Statement of Work, and then summarize how we have met our
goals so far.
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Statement of Work
Task 1, Specific Aim 1, (months 0-18). Optimize the dose of current HKPs in the TRAMP
C model.
"* Establish human PC3-derived tumor xenografts in nude mice (60 mice).
"* Establish murine TRAMP C-derived tumors in C57BL/6 mice (60 mice).
"* Treat the mice in 1 and 2 with HKPs to determine optimal doses, and dosing schedule.
"* We have acquire/breed TRAMP C mice in the appropriate background to carry out survival

studies (60 mice). Since only the male mice get the disease this took longer than anticipated to
set up again at the Buck Institute. Lifespan is shortened by using an FVB background which
will allow us to complete our studies shortly.

" Treat the mice in 4 with HKPs, with our optimal doses, and dosing schedule. Histopathological
studies will also be performed, to look for efficacy and side effects.

Task 2, Specific Aim 2, (months 0-24). Design HKPs with improved therapeutic indices.
* Design new HKPs using the guiding principles of anti-mitochondrial peptide chemistry.

Task 3, Specific Aim 3, (months 6-24). Evaluate in vitro efficacy and toxicity of new HKPs.
"* Evaluate the efficacy of new HKPs in mitochondrial swelling assays,
"• Evaluate the efficacy of new HKPs in mitochondrial in tissue culture.
"* Use the results of 1 and 2 to find approximate doses and therapeutic indices. HKPs with high

therapeutic indices will then be evaluated in TRAMP mice, Specific Aim 4.

Task 4, Specific Aim 4, (months 18-36). Evaluate the in vivo efficacy of new HKPs in the
TRAMP model of prostate cancer.
"* Acquire/breed TRAMP C mice (60 mice).
"• Treat the TRAMP C mice with new HKPs to determine optimal doses.
"* Treat the TRAMP C with new HKPs to determine dosing schedule.
* Histopathological studies will also be performed, to look for efficacy and side-effects.

Task 5, Specific Aim 5, (months 24-36). Determine the in vivo pharmacokinetics of HKPs
in the TRAMP model of prostate cancer.
"° Acquire/breed TRAMP C mice (60 mice).
"• Radiolabel HKPs and treat mice.
"* Evaluate tissues, and cells in culture (using our in vitro angiogenesis assays, Ellerby et al.,

1999), for presence of HKPs. Determine concentrations and locations of HKPs inside cells.
Determine concentrations of HKPs in tumor blood vessel endothelial cells. Determine if there
are any in vivo locations HKPs build up in that might create unwanted side effects.

Summary of Results/Data:

Task 1. As discussed previously, we have established human PC3-derived tumor xenografts in
nude mice, and have evaluated the efficacy of SGP (see introduction) in this model (see below and
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Ellerby et al. 2003, for a discussion of these results). Furthermore, we also reported in Arap et al.,
2002, that HKPs delayed the development of the cancers in prostate cancer-prone transgenic mice
(TRAMP mice). Thus we are already ahead of schedule on this task, having already demonstrated
the efficacy of HKPs in this transgenic mouse model. We have now begun work on the process of
optimizing the doses of HKPs in the TRAMP model, and have proceeded to formulate a study in
TRAMP mice involving the dual use of HKP's to simultaneously target the angiogenic blood
vessels of prostate tumors and the normal prostate cells. This work in progress and will be
completed in the end of August. Furthermore, based on these initial results, we plan later this year
to also include in some combination with HKP therapy, targeted nanoparticles containing SGP.

Task 2. We are currently designing new HKPs, so this Task is in progress, and will continue
throughout the life of these studies. In particular, a new killer sequence has been developed,
ALLLAIRRRKKK, based on an antibacterial peptide produced in moths. Initial tests of the efficacy
of this peptide in our in vitro tissue culture models (see Ellerby et al. 1999), demonstrate that this
killing sequence is 1,000-5,000 times more effective than our original killing peptide
KLAKLAKKLAKLAK, as measured by the therapeutic index calculated as the ratio of the
concentration required to kill normal untargeted cells divided by the concentration required to kill
targeted cells. In addition, we have discovered that SGP (see introduction) can be used as a
complementary therapy to HKPs. While HKPs target and destroy tumor vasculature, SGP directly
kills tumor cells when injected intratumorally. This data is summarized below, and in our recent
paper, Ellerby et al., 2003.

Task 3. We are currently testing new HKPs, so this Task is always in progress, and as described
above, we have been focusing on HKP's with a new ALLLAIRRRKKK killing domain, for which
initial tissue culture studies suggest that this new HKP will be over 1,000 times more effective.

Task 4 and Task 5. These tasks are in progress. There was some delay this past year in beginning
these studies because we had problems of peptide purity (the peptides are manufactured
commercially), and were informed by a colleague that the CNGRC targeting moiety might not be
the most optimal targeting peptide to employ, due to variances in receptor expression. This peptide
had been selected over more complex targeting peptides such as our ACDCRGDCFC (bicyclic
with 2 disulfide bonds) targeting peptide, due to issues involving the cost and complexity of
synthesis of the RGD-based targeting peptide. We were fortunate to discover the above before
embarking on our complex and expensive TRAMP studies. We will begin our TRAMP study this
month using the RGD-based targeting sequence, to target the tumor blood vessels, and the SMS-
based targeting sequence (see Arap et al., 2002). In addition, we have been forced by the quality
issues to switch to another custom peptide synthesis company. We have also discovered that
CNGRC is more effective at targeting in a particular chemical form and have a paper in progress on
the receptor based mechanism of this discovery.

Key Research Accomplishments
" We successfully designed and tested a Hunter-Killer Peptide, SMSIARL-GG-

D(KLAKLAK) 2, in the TRAMP Mouse Model of Prostate Cancer. This work is
described in Arap et al., 2002.

" We successfully published a paper on our design and evaluation of SGP. As described
above, we successfully tested the anti-tumor effects of SGP in human prostate carcinoma
xenografts in nude mice. The data show that SGP can reduce tumor volume and extend survival.
This data is discussed in detail in Ellerby et al., 2003, which is attached.
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We worked out issues involving peptide quality (commercial synthesis), and made the
decision to switch to a different RGD-based targeting peptide. We discovered this year
after a 3 month study that we were having a problem with the peptide company we dealt with,
involving issues about timely delivery and quality of peptide. We also decided to switch to our
RGD-based targeting peptide, in part because some of our in vitro tests were inconsistent from
peptide batch to peptide batch. This situation was clouded by real concern over quality, but even
so, colleagues reported to us that they were just getting a better result with our RGD-based
targeting peptide. Thus, in the studies we are about to begin on TRAMP mice, we will be using
the RGD-based targeting peptide for HKP's designed to target angiogenic vasculature.

Reportable Outcomes

Papers, manuscripts, abstracts, presentations

(1) Ellerby HM, Arap W, Ellerby LM, Kain R, Andrusiak R, Del Rio G, Krajewski S, Lombardo
CR, Rao R, Ruoslahti E, Bredesen DE, Pasqualini R (1999). "Anti-cancer activity of targeted
pro-apoptopic peptides." Nature Medicine 5(9): 1032-1038.

(2) del Rio G, Castro-Obregon S, Rao R, Ellerby HM, Bredesen DE (2001). "APAP, a sequence-
pattern recognition approach identifies substance P as a potential apoptotic peptide." FEBS
Lett. 494(3):213-9.

(3) Arap W, Haedicke W, Bernasconi M, Kain R, Rajotte D, Krajewski S, Ellerby HM, Bredesen
DE, Pasqualini R, Ruoslahti E (2002). "Targeting the prostate for destruction through a
vascular address." PNAS 99(3): 1527-31.

(4) Ellerby HM, Lee S, i Sun Y , Ellerby LM, Chen S, Kiyota T, del Rio G, Sugihara G, Arap
W, Bredesen DE & Pasqualini R (2003). "An artificially designed pore-forming protein with
anti-tumor effects." J. Biol. Chem. 278, 35311-35316.

Patents and licenses applied for and/or issued
We will be applying for a patent on the use of SGP. This has been reported in the
Inventions Report to the DAMD.

Degrees obtained that are supported by this award
None.

Development of cell lines, tissue or serum repositories
None.

Informatics such as databases and animal models, etc
See ref. (2) above by del Rio et al.

Funding applied for based on work supported by this award
None at this time.
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Employment or research opportunities applied for and/or received on experiences/training
supported by this award
None at this time.

Conclusions

We have designed short peptides, Hunter Killer Peptides (HKP), composed of two
functional domains, one a tumor blood vessel 'homing' motif and the other a programmed cell
death-inducing sequence, and synthesized them by simple chemistry. The 'homing' domain was
designed to guide the peptide to targeted cells and allow internalization. The pro-apoptotic domain
was designed to be non-toxic outside cells, but toxic when internalized into targeted cells by the
disruption of mitochondrial membranes. We demonstrated in Ellerby et al. 1999, that HKPs show
strong anti-cancer activity in mice (xenografts of human breast carcinomas and melanomas). We
also reported here and in Arap et al., 2002, that HKPs delayed the development of the cancers in
prostate cancer-prone transgenic mice (TRAMP mice). The publication of this paper was a
milestone for us, and meant that were ahead of schedule with our proposed research (this research
was not planned until 2003). Finally, we now have demonstrated the feasibility of using membrane-
disrupting/pore-forming peptides/proteins as anti-neoplastic agents by evaluating the efficacy of
Small Globular Protein (SGP). This work is being published this month, Ellerby et al., 2003. We
now proceed this year to our TRAMP studies, involving the use of HKPs targeted to tumor blood
vessels, and HKPs targeted to normal prostate cells. Work will then begin on the consideration of
an SGP-targeted therapy, probably involving nanoparticle technology, designed to encase SGP so
that it can be injected directly into the blood stream, targeted by a surface coating of targeting
peptide. The implications of our work are that it is now possible for humans to engineer targeted
and untargeted artificial peptides and proteins to be used systemically and locally as effective anti-
cancer agents.
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APPENDIX 1

Anti-cancer activity of targeted pro-apoptotic peptides

1. MiI ii•ii ELi, I. II, WADIH ARAP, LISA M. Et IIERBY, RENAIT. KAIN, RFBECCA ANDRUSIAK,
GAIBIII, DEL Rio, STANISLAW KRAJEWSKI, CHRISTIAN R. LOMIBARDO, RAMMOHAN RAO,

ERKKI RuosLAHTi, DAli E. BREDESEN & RENATA PASQUALINI

I'rotrarn on ,lgin antd Cancer and Programn on Cell Adhesion, The Burnhanm Institute,
10901 North Torrev Pines Rd., La Jolla, California 92037, USA

H.M.E., .M12.., 6,D.R., R.R. & D.E.B. present address: The Buck Center tbr Research in Agin g,
8001 Redwood Bld, Noeato, California 94945, USA

R.K. present address: ( linical Institute for Clinical l'athology, Dept. Ultrastructural Pathology and Cell Biloh)',
University of Vienna!AKI Wien,, Wdhriner Giirtel 18-20, A-1090 Wien, Austria

W.A. & R.I'. present address: The Universit, ofTexas M.D. Anderson Cancer Center,

1515 Holcornbe Boulevard, Houston, Texas 77030, USA
('orrcspondlce shouldl'e addressed to E.R., D.B. or R.P.; einails: ruoslahti, dbredesen or pasqualinisaburnhamn-inst.org

We have designed short peptides composed of two functional domains, one a tumor blood ves-
sel 'homing' motif and the other a programmed cell death-inducing sequence, and synthesized
them by simple peptide chemistry. The 'homing' domain was designed to guide the peptide to
targeted cells and allow its internalization. The pro-apoptotic domain was designed to be non-
toxic outside cells, but toxic when internalized into targeted cells by the disruption of mitochon-
drial membranes. Although our prototypes contain only 21 and 26 residues, they were
selectively toxic to angiogenic endothelial cells and showed anti-cancer activity in mice. This ap-
proach may yield new therapeutic agents.

Tumor cell survival, growth and metastasis require persistent the common ancestry of bacteria and mitochondria'" '. In con-
new blood vessel growth" (angiogenesis). Consequently, a trast, eukaryotic plasma membranes (outer leaflet) generally
strategy has emerged to treat cancer by inhibiting angiogenesis'. have low membrane potentials, and are almost exclusively com-
Peptides have been described that selectively target angiogenic posed of zwitterionic phospholipids'" 1"'. Many antibacterial
endothelial cells' '. Conjugates made from these peptides and peptides, therefore, preferentially disrupt prokaryotic mem-
the anti-cancer drug doxorubicin induce tumor regression in branes and eukaryotic mitochondrial membranes rather than
mice with a better efficacy and a lower toxicity than doxoru- eukaryotic plasma membranes.
bicin alone'. There is also a functional class of cell death-induc- If such nontoxic peptides were coupled to tumor targeting
ing receptors, or 'dependence receptors', which have embedded peptides that allow receptor-mediated internalization, the
pro-apoptotic amino-acid sequences'''. These peptide domains chimeric peptide would have the means to enter the cytosol of
are required for apoptosis induction by these receptors. The targeted cells, where it would be toxic by inducing mitochon-
peptide fragments are thought to be released into the cytosol as drial-dependent apoptosis"'". Thus, we designed targeted pro-
cleavage products of caspase proteolysis, where they induce or apoptotic peptides composed of two functional domains. The
potentiate apoptosis through unknown mechanisms "'. targeting domain was designed to guide the 'homing' pro-
However, such peptides, and structurally similar pro-apoptotic apoptotic peptides to targeted cells and allow their internaliza-
antibiotic peptides, although they remain relatively non-toxic tion ,,

22. The pro-apoptotic domain was designed to be
outside of eukaryotic cells, induce mitochondrial swelling and non-toxic outside of cells, but toxic when internalized into tar-
mitochondria dependent cell-free apoptosis'' 1. geted cells by the disruption of mitochondrial membranes.

There are more than 100 naturally occurring antibiotic pep-
tides, and their de novo design has received mtuch attention"' ". Design of the pro-apoptotic peptide
Many of these peptides are linear, cationic and ca-helix-forming. A computer-generated model and the sequence of one of our
Some are also amphipathic, with hydrophobic residues distrib- prototypes are shown in Fig. 1. For the targeting domain, we
uted on one side of the helical axis and cationic residues on the used either the cyclic (disulfide bond between cysteines)
other". Because their cationic amino acids are attracted to the CNGRC peptide (Fig. 1) or the double-cyclic ACDCRGI)CFC
head groups of anionic phospholipids, these peptides preferen- peptide (called RGD-4C), both of which have 'tumor-homing'
tially disrupt negatively charged membranes. Once electrostati- properties"s' and for which there is evidence of internaliza-
cally bound, their amphipathic helices distort the lipid matrix tion"'2. We synthesized this domain from all-L amino acids
(with or without pore formation), resulting in the loss of mem- because of the presumed chiral nature of the receptor interac-
brane barrier function' ". Both prokaryotic cytoplasmic mem- tion. For the pro-apoptotic domain, we selected the synthetic
branes and eukarvotic mitochondrial membranes (both the 14-amino-acid peptide KLAKLAKKLAKLAK (Fig. 1), called
inner and the outer) maintain large transmembrane potentials, (KLAKLAK)2, because it killed bacteria at concentrations 1% of
and have a high content of anionic phospholipids, reflecting those required to kill eukaryotic cells". We used the all-D enan-
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by electron microscopy. The peptide ,(KI.AKLAK), induced
abnormal mitochondrial morphology, whereas the control pep-

Hon tide DILSLARI.ATARILAI did not (Fig. 2c).

Dmainl• Targeted pro-apoptotic peptides induce apoptosis
We evaluated the efficacy and specificity of CNGRC-GG-

,(KLAKLAK), in KS1767 cells, derived from Kaposi sarcoma•"'

(Fig. 3a-d), and MI)A-MB-435 human breast carcinoma cells"'
l (Table 1). We used KS1767 cells because they bind the CNGRC

targeting peptide just as endothelial cells do. This may relate to
SN - - KLAKLAKKLAKLAK the endothelial origin of the KSI1767 cells2 . We used MDA-MB-

435 cells as negative control cells because they do not bind the

CNGRC targeting peptide'. Although CNGRC-GG-,(KIAKIAK)2
was considerably toxic to KS16I17 cells, an equimolar mixture of

Fig. I Computer-generated model and amino-acid sequence of CNGRC-

GG(KLAKLAK),. This peptide is composed of a 'homing' domain (blue) and uncoupled CNGRC and ,(KLAKLAK) , (negative control), or

a membrane-disrupting (pro-apoptotic) domain (red hydrophilic and green ,(KLAKLAK)2 alone, was much less toxic, indicative of a target-

hydrophobic residues), joined by a coupling domain (yellow). ing effect (Table I). In contrast, CNGRC-GG-,,(KLAKLAK), was
not very toxic to MDA-MB-435 cells, which do not bind the
CNGRC peptide (Table 1). The other targeted peptide (RGD-4C)-

tiomer )(KLAKLAK), to avoid degradation by proteases"',. This GG-I(KLAKLAK) 2, showed toxic effects similar to those of
strategy was possible because such peptides disrupt membranes CNGRC-GG-,(KLAKI,AK) 2 on KS1617 cells, whereas an equimo-
by chiral-independent mechanisms 2' 2 '. We coupled the target- lar mixture of uncoupled RGD-4C and ,(KLAKLAK) 2, used as a
ing (CNGRC or RGD-4C) and pro-apoptotic I,(KLAKI,AK) 2 do- negative control, was not very toxic (Table 1; Fig. 3c-dI).
mains with a glycinylglycine bridge (Fig. 1) to impart peptide Although evidence for internalization of CNGRC and RGI)-
flexibility and minimize potential steric interactions that 4C into the cytosol of cells has been published',""" 2 , we directly
would prevent binding and/or membrane disruption. demonstrated internalization using biotin-labeled peptides.

CNGRC-biotin, but not untargeted CARAC-biotin, was inter-
D(KLAKLAK)2 disrupts mitochondrial membranes nalized into the cytosol of cells (Fig. 3e-f). We also obtained di-
We evaluated the ability of ,,(KLAKLAK),to disrupt mitochondr- rect evidence for internalization from experiments based on cell
ial membranes preferentially rather than eukaryotic plasma fractionation and mass spectrometry. CNGRC-GCG-,(KI.AK-
membranes by mitochondrial swelling assays, in a mitochon- LAK),, but not CARAC-GG-t,(KLAKLAK) 2 , was indeed internal-
dria-dependent cell-free system of apoptosis, and by cytotoxic- ized and could be detected in mitochondrial as well as cytosolic
ity assays"'. There was morphological evidence of damage to fractions (data not shown).
mitochondrial membranes by electron microscopy. The peptide Next, we evaluated the efficacy and specificity of CNGRC-
,(KLAKI.AK)2 induced considerable mitochondrial swelling at a GG-,(KLAKI.AK) 2 in a tissue culture model of angiogenesis2".
concentration of 10 pM (Fig. 2a). Mild swelling was evident During angiogenesis, capillary endothelial cells proliferate and
even at 3 pM (data not shown), I% the concentration required migrate 2. Cord formation is a type of migration that can be
to kill eukaryotic cells (approximately 300 pM), as determined studied in vitro by a change in endothelial cell morphology
by the lethal concentration required to kill 50% of a cell mono- from the usual 'cobblestones' to chains or cords of cells 2

7. We
layer (l,C,,; Table 1). These results demonstrate that )(KLAK- tested the effect of CNGRC-GG-,,(KLAKLAK)2 on normal
LAK), preferentially disrupts mitochondrial membranes rather human dermal microvessel endothelial cells (DMECs) in the
than eukaryotic plasma membranes. Moreover, the peptide acti- angiogenic conditions of proliferation and cord formation and
vated mitochondria-dependent cell-free apoptosis in a system in the angiostatic condition of a monolayer maintained at

composed of mitochondria suspended in cytosolic extract"', as 100% confluency.
measured by characteristic caspase-3-processing from an inac- The treatment of DMECs with 60 IEM CNGRC-GG-1,(KLAK-
tive zymogen to active protease"• (Fig. 2b). A non-cx-helix- LAK)2 led to a decrease in the percent viability over time com-
forming peptide, DLISI.ARLATARLAI (negative control), did not pared with that of untreated controls, in the conditions of
induce mitochondrial swelling (Fig. 2a), was inactive in the cell- proliferation (Fig. 4a) or cord formation (Fig. 4b). In contrast,
free system (Fig. 2b) and was not lethal to eukaryotic cells"'. We treatment with the untargeted peptide J(KI.AKLAK)2 as a nega-
also analyzed morphologic alterations in isolated mitochondria tive control led to a negligible loss in viability. Furthermore,

the L1C,,, for proliferating or mi-
grating DMECs treated with

Table 1 LC,, (pM) for eukaryotic cells treated with targeted pro-apoptotic peptides grati gDM stratA d was~~~~~ -. .- . .... .. ............ . -.. ---........................................... C N G R C -G G -,,(K I.A K IA K ), w as

DMEC KS1767 MDA-MB-435 10% of the I.C,,, for angiostatic
Angiostatic Angiogenic DMECs maintained in a mono-

Proliferation Cord Form Proliferation Proliferation layer at 100% confluency (Table
1). This result indicates that

(KLAKLAK), 492 346 368 387 333 CNGRC-GG-1,(KIAKI.AK)2 kills
CNGRC-GG-,(KLAKLAK), 481 51' 34' 42' 415 cells in angiogenic but not an-
(RGD-4C-GG-,(KLAKLAK, - - - 10' - giostatic conditions. The lCj,,

for the untargeted control
Results arc means of three independent experiments. O3, t-test. .(KI.AKI.AK) 2 in angiogenic con-
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Fig. 2 ((KLAKLAK)2 disrupts mitochondrial membranes, a, n(KLAKLAK) 2 or Ca" chondria analyzed by electron microscopy. Mitochondria incubated for 15 min

(positive control) induced mitochondrial swelling, whereas the non-a-helix-for- with 3 pM DLSLARLATARLAI show normal morphology (left panels). In contrast,

mer DLSLARLATARLAI (negative control) did not, as shown by mitochondrial mitochondria incubated for 15 min with 3 pM t•(KLAKLAK), show extensive mor-

swelling curves (optical absorbance spectrum). b, O(KLAKLAK) 2 activates cell-free phological changes. The damage to mitochondria progressed from the stage of

apoptosis in a system composed of normal mitochondria and cytosolic extract, focal matrix resolution (short black arrow), through homogenization and dilu-
but DLSLARLATARLAI does not. An immunoblot of caspase-3 cleavage from pro- tion of condensed matrix content with sporadic remnants of cristae (long black

form (32-kDa) to processed forms (18- and 20-kDa) demonstrates a mitochon- arrows), to extremely swollen vesicle-like structures (thick black arrows; bottom

dria-dependent cell-free apoptosis (left margin, sizes). Results were reproduced right, higher magnification); few mitochondria had normal morphology (open
in two independent experiments. c, Morphologic alterations in isolated mito- arrows). Ultrathin sections are shown. Original magnification, x4,000-x40,000.

ditions was similar to the lCs,,, for CNGRC-GG-j,(KLAKLAK), equimolar mixture CNGRC and j,(KIAKIAK)2 remained mor-

under angiostatic conditions. An equimolar mixture of uncou- phologically normal (Fig. 4d), whereas those treated with

pled ,(KLAKLAK), and CNGRC, a non-targeted form CARAC- CGRNC-GG-,(KLAKI.AK), showed altered mitochondrial mor-

GG-,(KLAKLAK)2, and a 'scrambled' form, CGRNC-GG-,,(Kl,.AK- phology, evident in approximately 80% of cells (Fig. 4e), before

LAK), all gave results similar to those of ,(KI.AKLAK)2. the cells rounded-up. Ultimately, the DMECs treated with

We also studied the mitochondrial morphology of DMECs in CNGRC-GG-,(KLAKI.AK) 2 showed the classic morphological in-

the condition of proliferation, after treatment with 60 pM dicators of apoptosis, including nuclear condensation and frag-

CGRNC-GG-,(KLAKlAK), or untargeted J(KI.AKLAK) 2 . The mi- mentation, as seen at 72 hours (Fig. 4 t' and -)(ref. 10).

tochondria in intact DMECs treated for 24 hours with the Apoptotic cell death (Fig. 4S) was confirmed with an assay for

Fig. 3 CNGRC-GG-U(KLAKLAK) 2 and

(RGD-4C)-GG-,(KLAKLAK), induce apop-

tosis. a, KS1767 cells treated with 100
pM of non-targeted CARAC-GG-1,(KLAK-
LAK), (negative control) remain unaf-
fected after 48 h. b, KS1 767 cells treated
with 100 pM of CNGRC-GG-,(KLAKLAK),

undergo apoptosis, as shown at 48 h. a
Condensed nuclei and plasma mem-

brane blebbing are evident. c, KS1 767
cells treated with 10 VM of an equimolar
mixture of (RGD-4C) and O(KLAKLAK) 2

(negative control) remain unaffected
after 48 h. d, KS1 767 cells treated with
10 ptM of (RGD-4C)-GG-0(KLAKLAK)2 un-

dergo apoptosis, as shown at 48 h.

Condensed nuclei and plasma mem- d e f
brane blebbing are evident. Scale bar
represents 250 pm. e and f, KS1767 cells treated with 100 pM of treated with streptavidin FITC demonstrate internalization of CNGRC-

CNGRC-biotin (e) or CARAC-biotin (0 for 24 h and subsequently biotin, but not CARAC-biotin, into the cytosol.
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Fig. 4 CNGRC-GG-L,(KLAKLAK), induces apoptosis and mitochondrial clear (blue) and mitochondrial (red) morphology after 24 h of treatment
swelling in DMECs. a, Proliferating DMECs treated with CNGRC-GG- with a mixture of 100 tIM r(KLAKLAK) 2 and CNGRC. e-g, Proliferating
I)(KLAKLAK), (filled bars) lose viability (apoptosis) over time (P< 0.02), but DMECs treated with 100 pM CNGRC-GG-,,(KLAKLAK),. After 24 h (e), cells
those treated with the control peptide ,,(KLAKLAK) 2 (gray bars) do not (P < show normal nuclear (blue) but abnormal mitochondrial (red) morphology.
0.05). b, Cord-forming DMECs lose viability (apoptosis) over time (filled Mitochondrial swelling and dysfunction is shown by a decrease in fluores-
bars), but those treated with ,(KLAKLAK) 2 (gray bars) do not (P < 0.05). c, cence intensity and a change in morphology from an extended lace-like net-
Apoptotic cell death was confirmed with an assay for caspase 3 activity, as work to a condensed clumping of spherical structures. Classic
shown by the hydrolysis of DEVD-pNA with time. Results were reproduced morphological indicators of mid- to late apoptosis (for example, condensed
in three independent experiments. d, Proliferating DMECs show normal nu- and fragmented nuclei) are evident at 48 h (0 and 72 h (g) (arrow).

caspase 3 activity"'. We also tested a caspase inhibitor for its ef- CNGRC-GG-,(KI.AKI.AKI. peptide is pro-apoptotic. Although
fect on cell death induced by CNGRC-GG-,(KI.AKI.AK)2. We the relatively early mitochondrial swelling is consistent with
used Kaposi sarcoma cells, as these cells bind CNGRC. The in- the putative mechanism of action, that is, a direct activation of
hibitor zVA).fmk, at a concentration (25 pM) that inhibits cas- the apoptotic machinery, we cannot rule out the possibility
pases but not non-caspase proteases, inhibited the cell death that the peptides actually kill by inducing some irreversible
induced by CNGRC-GG-,(KI.AKIAK), (data not shown). This damage to cells which then activates the apoptotic program.
result is compatible with the earlier demonstration that the In addition to the fluorescence studies shown above, we stud-

p� ied cultured cells by electron microscopy to confirm that
*<• CNGRC-GG-,,(KI.AKI.AK)2 induces abnormal mitochondrial

morphology in intact cells (Fig. 5). Kaposi sarcoma-derived
- KS1767 cells treated with the control peptide CARAC-GG-

,(KIAKIAK)2 for 72 hours showed no overall changes, with no
or very minor changes in the mitochondria (Figs. sa-c). In con-aV trast, the mitochondria in KS 1767 cells incubated for 12 hours

Fig. 5 Electron microscopic studies of cultured cells. a-c, KS1 767 cells
S, treated with 100 pM CARAC-fG-,,(KLAKLAK), for 72 h show the repre-

sentative ultrastructural details of normal cells, with no or negligible
* changes seen in the mitochondria. Original magnifications: a, x4,000;

b, x25,000; c, x45,000. d-f, In contrast, the mitochondria in KSI 767
cells incubated for 12 h with 100 p M CNGRC-GG-,(KLAKLAK) 2 begin to
show a condensed appearance and vacuolization despite a relatively

______ •normal cell morphology (black arrows). Original magnifications: d,
x1 2,000; e, x20,000; f, x45,000). g and h, Progressive damage to

4 KSt 767 cells is evident after 24 h, when many mitochondria show typi-
A- cal large matrix compartments and prominent cristae, ultrastructural

features of low level of oxidative phosphorylation. Original magnifica-
tions: g, x12,000; h, x40,000. Some of the swollen mitochondria

4 4 (g, black arrows) are similar in appearance to those in isolated mito-
chondria treated with 100 pM D(KLAKLAK)2 (Fig. 2c, bottom right). i, In
some cells, this process progressed to a final stage, with extensive vac-g •' huolization and the pyknotic, condensed nuclei typical of apoptosis.
Original magnification, x8,000.
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0 Treatment of nude mice bearing human tumor
a b xenografts with CNGRC-GG-,(KIAKIAK), and (RGD-

1.0 4C)-GG-,(KLAKI.AK)2

.Given our results in culture, we proceeded to test

both targeted pro-apoptotic peptides io vivo, using
22 nude mice with human MI)A-MI)-435 breast carci-

n norna xenografts. Tumor volume in the groups treated

0 2- 0 with CNGRC-GG-,(KIAKIAK)2 was on average 10%

o that of control groups (Fig. 6a); survival was also longer
E

" o 0.2 in these groups than in control groups (Fig. 6b). The

S control was a non-targeted 'mimic' CARAC-;G-

,(KIAKLAK)2 peptide; the CAI)AC sequence has a
_j0.

C 0.o0 30 Days'60 90 120 charge, size and general structure similar to that of

CNGRC- Control Days CNGRC. Some of the mice treated with (NGRC-(GG-

,((KLAKI.AK)2 outlived control mice by several months,

Fig. 6 Treatment of nude mice bearing MDA-MB-435-derived human breast carci- indicating that both primary tumor growth and metas-

noma xenografts with CNGRC-GG-D(KLAKLAK) 2 . a, Tumors treated with CNGRC-GG- tasis were inhibited by CNG RC-GG-1 ,(KILAKI,AK).

,(KLAKLAK) 2 are smaller than control tumors treated with CARAC-GG-(,(KLAKLAK)2, as Treatment in nude mice bearing Ml)A-MI)-435 breast

shown by differences in tumor volumes between day 1 (0) and day 50 (0). P = carcinoma xenografts with (R(GI)-4C)-(;G-,(KIAKIAK)P

0.027, t-test. One mouse in the control group died before the end of the experiment, also resulted in a significantly reduced tumor and

b, Mice treated with CNGRC-GG- D(KLAKLAK) 2 (E) survived longer than control mice

treated with an equimolar mixture of ,(KLAKLAK) 2 and CNGRC (0), as shown by a metastatic burden (Fig. 7). lxperimental parameters in-

Kaplan-Meier survival plot (n = 13 animals/group). P< 0.05, log-rank test. cluded tumor volumes before and after treatment (Fig.

7a), wet weights of the tumors (Fig. 71), right) and

weight of lung metastases (Fig. 71), left). The control

with CNGRC-GG-n(KLAKLAK), showed abnormal condensation group was treated with an equimolar mixture of RGI)-4C and

and vacuolization despite a relatively preserved cell morphol- j,(KLAKLAK) 2. Histopathological and TUNFI. analysis showed

ogy (Fig. Sd-f black arrows). Progressive cellular damage could cell death in the treated tumors and evidence of apoptosis and

be seen after 24 hours, when many mitochondria showed ultra- necrosis (data not shown).

structural features of low-level oxidative phosphorylation (Fig. 'To assess toxicity in mice without tumors, we have adminis-

Sg and hi); in later stages, some of the damaged mitochondria tered CNGRC-GG-,(KIAKI.AK). or (RGI)-4C)-GG-,,(KI.AKI.AK).,

(Fig. 5g, black arrows) showed profound changes, as seen in the to both immunocompetent (balb/c) and to immunnodeficient

isolated mitochondria treated with I(KAKI.AK)2 (Fig. 2c, right (balb/c nude) mice at a dose of 250 pg/mouse per week for eight

lower panel). In some cells, this process progressed to a late doses. No apparent toxicities have been found in 3 months.

apoptotic stage. Typical vacuolization and condensed nuclei be- Moreover, in these conditions, the peptides are not immuno-

came evident (Fig. si). T[hese results show that the mitochondria genic, as determined by F.LISA of blood obtained from the ira-

underwent changes in morphology and function that were munocompetent mice (data not shown).

well-represented by a progression from a state of normal mor- We have also evaluated the stability of the (N(RC-GG-

phology and normal oxidative phosphorylation (Fig. Sa) to a j,(KLAKIAK) 2 and (RGI)-4C)-GG-1 ,(KtAKIAKV2 peptides ex vivo

state of condensed morphology and a high rate of oxidative and in mice. We analyzed the two targeted peptides using mass

phosphorylation (Fig. Sd) to a final edemic state (Fig. 5g) associ- spectrometry. In the first set of experiments, the targeted pep-

ated with a low energy level, tides were pre-mixed with whole blood and incubated at 37 °C.

a b

8 0 •75 ;

S= • . • . " .
00

E 0 0 0

1 3C

0 % 0

0- .25

Control (RGD-4C)-GG.0(KLAKKLAK),
Control (RGD-4C)-GG- Control (RGD-4C)-GG-

,(KLAKKLAK), (KLAKKLAK),

Fig. 7 Treatment of nude mice bearing MDA-MB-435-derived human breast assessed on day 1 (0) and day 90 (0). P = 0.027, t-test. b, Tumor weights

carcinoma xenografts with (RGD-4C)-GG-0 (KLAKLAK)2. a, Tumors treated with (right) and lung metastatic burden (left) are also decreased in mice treated with

(RGD-4C)-GG-0 (KLAKLAK) 2 are smaller than control tumors treated with an (RGD-4C)-GG-,(KLAKLAK),; these were measured when the experiment ended,

equimolar mixture of RGD-4C peptide and D(KLAKLAK) 2. Tumor volumes were on day 1 10 (n = 9 animals/group). P< 0.05, M-test.

1036 NATURE MEDICINE - VOLUME 5 - NUMBER 9 * SEPTEMBER 1999



.......... ........................................... . . ........................ ................ . . .............. . ................................................................................................ A R T I C L E S

The peptides were intact up to 1 hour in these conditions. In Morphological quantification of cellular apoptosis. Percent viability and
the second set of experiments, mice were injected intra- LC,, (Table 1) were determined by apoptotic morphology"m . For the per-
venously with the two targeted peptides and blood samples cent viability assay, DMECs were incubated with 60 pM active peptide or
were analyzed; the peptides were present at 10 minutes after control peptide. Cell culture medium was aspirated at various times from
administration (data not shown). We chose these short circula- adherent cells, and the cells were gently washed once with PBS at 37 'C.

Then, a 20-fold dilution of the dye mixture (100 lag/ml acridine orangetion times to coincide with the experimental conditions estab- and 100 pg/mI ethidium bromide) in PBS was gently pipetted on the cells,
lished for 'homing' of targeted peptides in vivo". which were viewed on an inverted microscope (Nikon TE 300). The cell

Targeted pro-apoptotic peptides represent a potential new death seen was apoptotic cell death and was confirmed by a caspase acti-
class of anti-cancer agents; their activity may be optimized for vation assay. Not all cells progressed through the stages of apoptosis at the
maximum therapeutic effect by adjusting properties such as same time. At the initial stages, a fraction of the cells were undergoing
residue placement, domain length, peptide hydrophobicity and early apoptosis. At later stages, this initial fraction had progressed to late
hydrophobic moment2". Beyond this, future targeted pro-apop- apoptosis and even to the necrotic-like stage associated with very late
totic peptides mlight he designed to disrupt membranes using a apoptosis (for example, loss of membrane integrity in apoptotic bodies).However, these cells were joined by a new fraction undergoing early apop-
completely different type of pro-apoptotic domain such as tosis. Thus, cells with nuclei showing margination and condensation of the
[3-strand/sheet-forming peptides ". Our results provide a glimpse chromatin and/or nuclear fragmentation (early/mid-apoptosis; acridine or-
at a new cancer therapy combining two levels of specificity: ange-positive) or with compromised plasma membranes (late apoptosis;
'homing' to targeted cells and selective apoptosis of such cells ethidium bromide-positive) were considered not viable. At least 500 cells
after entry. per time point were assessed in each experiment. Percent viability was cal-

culated relative to untreated controls. LC,, for monolayer, proliferation
Methods (60% confluency), and cord formation were assessed at 72 h.
Reagents. Human recombinant vascular endothelial growth factor (VEGF;
PharMingen, San Diego, California), antibody against caspase-3 (Santa Mitochondrial morphology. DMECs after 24 and 72 h of treatment with
Cruz Biotechnology, Santa Cruz, California), streptavidin FITC (Sigma) and peptide were incubated for 30 min at 37 'C with a mitochondrial stain
N-acetyl-Asp-Glu-Val-Asp-pNA (DEVD-pNA; BioMol, Plymouth Meeting, (100 nM MitoTracker RedTM CM-H2 XRos; the nonfluorescent, reduced
Pennsylvania) were obtained commercially. Peptides were synthesized to form of the compound) and a nuclear stain (500 nm DAPI; Molecular
our specifications at greater than 90% purity by HPLC (DLSLARLATARLAI, Probes, Eugene, Oregon). Mitochondria were then visualized under fluo-
Coast (San Diego, California); all other peptides, AnaSpec (San Jose, rescence microscopy (1 00x objective) under an inverted microscope using
California). a triple wavelength filter set (Nikon).

The computer-generated model was made with Insight I (Molecular
Simulations, San Diego, California) running on an 0, work station (Silicon Electron microscopy. Rat liver mitochondria were prepared as described".
Graphics, Mountain View, California) The mitochondria were incubated either with a control peptide (DLSLAR-

LATARLAI) or with 3 pM D(KLAKLAK),. The effects of the treatment were as-
Cell culture. Dermal microvessel endothelial cells (DMECs) were grown sessed at different times (Fig. 2c). Kaposi sarcoma cells were collected from
in CADMEC Growth MediaTM (media and cells from Cell Applications, San 24-well Biocoat Cell culture inserts for electron microscopy (Becton
Diego, California). DMECs were then cultured in three experimental con- Dickinson, Franklin Lakes, New Jersey). Cell monolayers at 80% confluency
ditions: proliferation (30% confluency in a growth media supplemented were exposed to either 100 pM CARAC-GG-,(KLAKLAK), (control) or
with 500 ng/ml VEGF); no proliferation (100% confluency in media for- CNGRC-GG-8 (KLAKLAK), (targeted) (Fig. 5). All specimens were fixed with
mulated to maintain a monolayer); and cord formation (60% confluency 3% glutaraldehyde in 0.1 M potassium phosphate buffer, pH 7.4 for 30 to
(required for induction) in media formulated to induce cord formation). 45 min at the room temperature, followed by postfixation with aqueous
KS1 767 and MDA-MB-435 cells were cultured as described'""2 8 . 1% osmium tetroxide and 2% uranyl acetate. After dehydration using a

graded series of ethanol rinses, tissues were embedded in resin. Ultrathin
Internalization assay. KS1 767 cells grown on coverslips were treated with sections after additional counterstainings were viewed and photographed
100 pM biotin-labeled CNGRC or biotin-labeled CARAC (negative control) on an electron microscope (Hitachi H-600).
for 24 h. Streptavidin FITC was added to the coverslips, and cells were
then viewed on an inverted microscope (Nikon TE 300) using a FITC filter. Human tumor xenografts. MDA-MB-435-derived tumor xenografts were

established in female nude mice 2 months old (Jackson Labs, Bar Harbor,
Mitochondrial swelling assays. Rat liver mitochondria were prepared as Maine) as described". The mice were anesthetized with Avertin as de-
described"'. The concentrations used were 10 pM D(KLAKLAK)2, 10 pM DL- scribed". The peptides were administered at a dose of 250 ag/week per
SLARLATARLAI (negative control), or 200 pM Ca'* (positive control). The mouse, given slowly through the tail vein in a volume of 200 p1.. Three-di-
peptides were added to mitochondria in a cuvette, and swelling was quan- mensional measurements of tumors were made by caliper on anesthetized
tified by measuring the optical absorbance at 540 nm. mice, and were used to calculate tumor volume'". Then, tumors and lungs

were surgically removed and the wet weights recorded. Animal experi-
Cell-free apoptosis assays. Cell-free systems were reconstituted as de- mentation was reviewed and approved by the Institute's Animal Research
scribed'". For the mitochondria-dependent reactions, rat liver mitochondria Committee.
were suspended in normal (non-apoptotic) cytosolic extracts of DMECs.
The peptides were added at a concentration of 100 pM. After incubation Acknowledgments
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Abstract We have previously described a novel cancer che- the length of these peptides. we designed a Computational

motherapeutic approach based on the induction of apoptosis approach to detect short, linear and specific pro-apoptotic
in targeted cells by homing pro-apoptotic peptides. In order peptides.
to improve this approach we developed a computational method Apoptosis in mammals and other eukaryotic organisms is a
(approach for detecting potential apoptotic peptides, APAP) characteristic process of cell death, which can, among its other
to detect short PAPs, based on the prediction of the helical effects, limit the spread of viruses and other intracellular or-
content of peptides, the hydrophobic moment, and the iso- ganisms [4]. For example, the difference in viral titer during
electric point. PAPs are toxic against bacteria and mito- baculoviral infection with and without apoptosis inhibition is
chondria, but not against mammalian cells when applied 200- 15000-fold [4]. Thus apoptosis is a mechanism of defense
extracellularly. Among other peptides, substance P was identi- against pathogenic infections.
tied as a PAP and subsequently demonstrated to be a pro- Apoptosis proceeds by the activation of a group of cysteine
apoptotic peptide experimentally. APAP thus provides a method potosis ce es by the of ahgroup of ctin
to detect and ultimately improve pro-apoptotic peptides for proteases called caspases [5]. One of these. caspase-9, is act-
chemotherapy. © 2001 Published by Elsevier Science B.V. on vated when cytochrome c is released from mitochondria,
behalf of the Federation of European Biochemical Societies. which may occur with the disruption of the mitochondrial

outer membrane [6]. This cytochrome c release in apoptotic
KeY wordAs: Apoptosis: Antibacterial peptide: Bioinformatics cells may be induced by pro-apoptotic members of the Bcl-2

... .......... family. such as Bax and Bid. although the mechanism by
which this is achieved is incompletely understood [7]. None-

1. Introduction theless, the similarities between bacterial and mitochondrial
membranes (and membrane potentials) suggested the possibil-

We have previously described the finding that an antibacte- ity that there may be similarities between the effect of the
rial pcptidc. when targeted intracellularly to the angiogenic antibacterial/pro-apoptotic peptides and pro-apoptotic Bcl-2
vasculaturc (ie. to the endothelial cells) supplying tumors, family members.
can induce apoptosis by swelling their mitochondria [I], lead- Antibacterial peptides in mtulticelhllar organisms are
ing to the loss of tumor blood supply and consequent tumor thought to serve as a defense against microbial pathogens.
regression. We named these chemotherapeutic peptides hom- Originally found in invertebrates, antibacterial peptides have
ing pro-apoptotic peptides. We designed the pro-apoptotic now been described in humans and many other organisms [2].
part of the peptides to induce endothelial cell apoptosis Among these peptides. the most well characterized are the
through mitochondrial swelling. The peptides are positively short linear peptides (less than 40 amino acids in length)
charged and the mitochondria, like bacteria, have negatively that do not contain cysteine residues. A characteristic shared
charged membranes, thus the peptides are attracted to and by virtually all of these peptides is the presence of an amphi-
disrupt the mitochondrial membrane [2.3]. The initial results pathic cx-helical structure, which stabilizes in environments of
were obtained with a 21-residue peptide, of which the car- hydrophobic nature [8] (although this helical structure has
boxy-terminal 14 amino acids represented the pro-apoptotic been shown not to be necessary for membrane lysis produced
peptide, with the amino-terminal seven amino acids compris- by a truncated form of pardaxin, an antibacterial peptide
ing the targeting peptide and a glycinylglycine bridge. The from the sole Pardachirus marmoratus [9]). Another character-
therapeutic index (TI) of the initial pro-apoptotic peptides is istic shared by some of these peptides is selectivity, in that
approxiirately 10. In order to increase the TI and minimize membranes from bacteria are targeted by these peptides

more efficiently than mammalian plasma membranes. This
selectivity is based on the complementary charge between

*Corresponding author. Fax: (1)-415-209 2230. the peptides. which arc characteristically positively charged,
E-mail: dbredesencwbuckinstitute.org and the negatively charged membranes of bacteria [2,3].

Structurally, these peptides typically adopt an tinfolded
Also corresponding author. E-mail: mellerby~aibuckinstitute.org. conformation in aqueous solution. On contact with a inemn-

Ahheriatiwo:s APAP, approach for detecting PAPs: PAPs. potential brane with a complementary charge, these peptides anchor to
apoptotic peptides: SP, substance P: IP, isoelectric point AT. average the membrane and assume an ca-helical conformation. In that
helical hydrophobic moment: TI. therapeutic index conformation, these peptides would either lie over the mem-

0014-5793/01/$20.00 2(2001 Published by Elsevier Science B.V. on behalf of the Federation of European Biochemical Societies.
P11: SOO)14-5793( 0 1)02348-I
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brane surlaee in a carpet-like a rrarngemenet (in which the pep- by the PF PPI (T) program (see Section 2) for windowNs of eight res-

tide backbone lies parallel to the membrane), or penetrate it )dues. lo calculate the AGADIR score. swe used tile AGAD)IR pro-
grai, Miuch wkas kindly prosided bN I)r. lu is Serrano at FMBI_ M 'he

according to tile barrel stave mechanism (in which the peptide hydrophiotbicity of pepuide sequences was obtained by calculating the
backbone lies perpendicular to tile membrane) [2]. In either axerage hydrophobicity of the sequence using the consensus scale
case, the integrity of the membrane would be disturbed, even- reported by Eisenbcrg [I I]. All these progrants \\ere run on a S(GI

tually leading to membrane lysis. Origin 21100 serser.

In order to optimize the homing pro-apoptotic peptide ap- 2.. ( OVs.>)-3 io(,On in , ,/ll/lr,- opo.,i .0 l t indhced u'
proach to cancer chemotherapy by maximizing the TI (see 2.3.1. P1-ponoion of tophimiic ,'snw N(toplasiiic extracts
Section 2), we have developed a theoretical approach intended sere prepared as described before IIS], Briell"- non-apoptotic neuro-
to nmodel the properties of the antibacterial peptides that niat cells swere sonicated and cenlrifutged at I t00t Ix. T'Ihis extract \s;as

present selectivity lfor bacteria (and thus have very low toxic miade frec of nuclei, i i itochondria antd did not sel f-prime.
2,3.2. Preparation o/loo r Rat ,ind nmouse li\e i inito-

efbects on mammllali;lan cells when applied extracelhularly). It is chondria s\ere prepared as described bx I los ins et A_ 11 3]f \\ ilt niod-
our goal in this work to develop a sequCtice-pattern recogni- iticat ions as described pre\ iouslx 1141, ('11tutred cell Iilitochondria swerc
tion approach to detect peptides that will be toxic towards prepared as described pre\iously 115.
mitochondria but not to mammalian cells when applied ex-
tracellularly. We refer to the peptides identified by this ap- 2.4. Prot-in e,-h'rophsrcsi.o /il ll'ctNhci hIotu

proach as potential apoptotic peptides (PA PsI. since they mnay Flectroplioresis of proteins "sas carlied Oiit using eilher S ot 121",.
SDS polbacrtlaitide ges, Fquiial atiounts of total protein isere loaded

induce apoptosis by swelling mitochondria when targeted in- per late, and tIe prolcins \sere separated at 4°(' at St V through tile
tracellularly, as previously described [1]. We reter to tihe ap- stacking gel, and 90 V through tile separating gel.
proachi as APAP, as an abbreviation for approach for detect- Western blot trallstcr of the proteins separated bh clecirophoresis
ing PAPs. Using APAP. wie searched the SwissProt database sas carried out at 4'(i using IPVI)I ienibranes 0.2 miii n (Bio-Rad).

at either 201 inA for 2 h. Blots \iere then blocked for I h iil TB IF ll0
for PAPs and amnong other peptides we found that substance iM Tris I1(1. ptll 7.5. ' 5t150 iiM Na(L. 0.1",l cwcen) contatinig 5".
P (SP), an extensively studied neuropeptide present iil niarn- ion-tat dried milk. |iialxly the mneiibranes s\ere probed iith an ap-
mals. birds and fish, has all tihe sequence characteristics of the propriate dilution (I :SItO to 1:21 0t of priniari antibods in TIBST

PAPs. Furthermore. we found that SP is capable of swelling containing 5"- noi-ltat dried iilk I'u 1 4 hi- depending upon tile anti-

mnitochondria and inducing the cleavage of caspase-3 zymno- bobbi." Anti-caspase-3 antibodies fi-rom nouse, rabbit anld goaIt %\ere pill--
gen. a known substrate of the active form of caspase-9 in chased froii Transduction Laboratories. Inc., tpstati lliotechnology.
vitro. As expected. SP demonstrated very low toxicity for Itc. and Satia (ruz Biotechinolog., tic.. respecti\ely.

eukaryotic cells when applied extracellularly, in addition to [he blots sere ssashed three times for I h with I BSI F. follosed cit,
oipy twards bacterial cells. These results sup- incubation in a peroxidase-couplcd seconidry s antitbods rot I Ii illdisplaving toxicity [owarslcell. 1 esultSUP T13ST containing 5`' non-Itau dried milk. ITile iiio use.Ii, h iiiaii1, and

port our sequence-pattern recognition approach to identifying rabbit peroxidasc-coupled secondary antibodies \%erc tr'lnl Allier-
news PAPs. and suggest a new role for SP in the brain, sham 1. Enhanced cliemilileIiiicsceitce detection of the proteins xias

carried out LIsitig IlyIpirlili IF(1 IAniershali), and w\ilh Pierce Super-

2. Materials and methods Signal Substrate Western Blotting eagellts. Or .\ersliuhaui lI(1. re-
a tliis.

2.1 quene-Iatlern rccolgnition approach 2.5. (lit,,chiorial S1 .cliuthii tt.jii.S

We noticed that the knoisnii antibiotic peptides lit a pattern. which Rat ih,,hiIrcoIdri ir os so rT
includes a toss likelihood of lid city in aqueous solltionU a high like- Rat iser iicioidriu xxerc prepacit as described aboe. Ile pep-
liihood ofb helteitx in tile presence of negatisely charged unenibranes, tide contentria tils used to siecl mitociotidia sire 51 tuM t-SI. I0
and a high isoelectric point tIP). We therefore calculated the helical Iu I S AR lATA R I.AI I tiegatis ccltrolt, or 201 p M ( a p" ~itire control). The s~aelling \%as quantified 1b5 measuring tlle optical
probability of nionotieric peptides in aqueous solutioln (AGA)R itbsor ce ti r 4 haei
score). the IP and the hldrophobic nmomnent to account for tile char- a
acteristics of antibacterial peptides ssith loss toxic actisity against
iianimmalian cells. We hypothesized that these characteristics are tin- 2.0. .hi(t ili, ol StP oni/dihit

portant in determining the selectisity obsersed in these peptcides to- 10I4 huian eiibrxonic kidne\ 293 cells per well siere seeded into a
wards bacterial membranes and bacterial-like membranes (i.e. uito- 96-isell plate. After 20 Ii. different aqueous dilutions (FIig. 211) of S1P
chondrial ietnbrantes1. (Sigma, USA I. ('31 antd a Peptitie used as a conlrol \srcre added to Ihtie

A subset of 30 antibacterial peptides presiotiusly reported in the culture and tile cell death Ii\as tlUanitied biy Ixpall blue exCiltsioti 48 Ii
literature iras used for calculations of AGADIR scores (A) [1!)] IP. later.
and average helical hydrophobic niotnents (H) [ Ill. (Tables 2A and
2B). The peptide sequteices of this subset are shioswn in Table 1. 2..7 Toxrcity o SI' for hoatcriao "(l11

The TI of a peptide is here defined as the ratio between the itiliib- I)1-5Ix ELheri(Ihi coi cells iscre gro\ssi oxernighlt as a pri-ielocu-
tor\ concentration obsersed v5ith Iianmnialian cells and the inilibitory luni for the bacterial culture uised in this assa\. When the cells 5\crc at

concentration observed with bacterial cells (Tables 2A and 2B). The the end of their log phase (optical ldensity at 600 nim of I.t I1.1)1 I ill
higher the \sattle of this ratio is, tihe miore specilic ttie peptide is for Was used to iotcuttfl Ic 5 111I. Such dilution produced iinitialt cocctra-
prokarxotic (negatisel\ charged) iieimibranes. tions of bacteria capable o' forming 10 I0' colonies per rut in I1

PAPs xere searched for in the SwissProt database, release 38 [12]. plates at 37C( thiat is I0t 10" cotlon formtring Units. All tile bacterial
which contains a total of 800010111 protein sequences. First. all ofI tile cuItures useid in these cxpteriieitns Wcrc gro\sn in ILB at 37(. The
peptide sequences of 40 or feswer amino acids in length \ierc extracted concentiration of, S P required to inhibit lte cell giosis hi by 60i, kas
f'roti this database. Then all otf these sequences (2473 database entries) determined by fo tlo\\ing bacterial grossth ii I,1 liquid it tile presencewee-tgctett ttt fIh itle1.I-II 1 .51.,125 lindi 2501
"ere used to calculate their corresponding 11. IP and AGADIR of,,arying Concentration os the peptide: 0. 1. 10, 21). 0, 1
scores. Protein fragmernts. as opposed to peptides, iscrc not considered laM, Sterilized 96-(sell plates of polystixtnc isith flat bitltoii and 1iss
ii this study. e\aporation lid (Cosar., IS-SA \sere used. in a liial \olhinic of 100 p11:

501 u.l of LB containing 1iii I 1'" colonyx forming units. and 0S pt of' 1.lI
2.2. ('ompulotiotol r'soul-'c.s k,,ith a 2-fold dilution oif the pieltide. A 10 niM stock solution of the

The PEPPLOT and ISOFLECTRIC programis froni tile GC(i peptide was prep, ared x,\ith 5 tug of SI in 371 fIt of isater. Inhibition of
package IWisconsin package sersion I0. USA) iere used to calculate gros wth was dIetected by tmieasuring optical density t 6000 liii iitli 1
H and IP. respectixely. We averaged the non0-zero (r-Values calculate(]ni icroplate spectrophototieter S1 ("hTRA nax (Molecular I)esices,
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lISA) at varying times: i. 3. 5. 6. 7 and 8 h. Each I(60 "as deter- 3. 1. Swel/ling ofmitochomha'i and activation ofca.spa.s'-3 hiy SP
mined from at least tw•o independent experiments performed in trip- One of the PAPs identified. SP. w"as tested for its ability
licate. Additionally, the colonies lorrned from each experiment were
counted ill 1_3l plates at 0t and 8 h of growth. to swell mnitochondria and induce caspase-3 activation in a

cell-free system. This system was developed previously in
our grouip to simulate neuronal apoptosis (see Section 2

3. Results and [14]). We observed that SP induces the swelling of mito-
chondria at 50 pM in our system (data not shown). At such

The antibacterial peptides analyzed and biophysical proper- concentration, SP was capable of relcasing cytochrome c
ties previously determined are presented in Tables I and 2A, from mitochondria and activating caspase-3 (Fig. I). In con-
respectively. trast, a peptide chosen as negative control (see Section 2)

In order to reproduce these biophysical properties. we cal- which did not present the properties of PAPs (data not
culated three scores from the sequences of these pcptides. shown) did not display any observable effect on mnitochondria
Table 2A showxs a subset of selected antibacterial peptide se- (Fig. 1).
quences (see Section 2) and the corresponding experimental
values lor helix formation in water and in hydrophobic envi- 3.2. TI of'SP
ronments, antibacterial activity and cytotoxic activities against The toxicity of SP against bacteria was tested and corn-
mamnmalian cells. Table 2B shows the corresponding calcu- pared to the effect of SP on fibroblasts wx hen applied extra-
lated values for 11, Ill, A and the 11. We observed that the cellularly. SP was able to reduce the growth of L. colt cells
antibacterial peptides presented in Table I are more potent with an ICOcu of 10 M (Fig. 2B). By comparison, the negative
against G(-) (M IC= 17.3 ig/mIl on average) bacteria than to control pcptide did not have any toxicity against bacteria. In
Q(+) (MIC=44.3 ftg/ml), and we used the G(-I values as a contrast. Fig. 2A shows that SP did not affect the growth of
reference lor the TI. fibroblasts when applied extracelltLlarly even at a concentra-

Peptide sequences wx ith values ranging from 0J.4 < 1f <0.6, tion of I raM. These results indicate that SP has a TI > 100.
A < 1It). and 10.8 < IP < 11.7. were found to have the highest Additionally, a peptide from the protein APP (the last 31
TI (highest specificity for bacteria) (Fable 2B). These param- amino acids in APP, referred as C31) known to induce apo-
eters were therefore hypothesized to be the signature of the ptosis when expressed intracellularly [16] was tested for its
PAPs. Searching for PAPs in the SwissProt database led LIs to toxicity against bacteria and mammalian cells. This peptide
identilf 14 PAPs (Table 3). Two of these peptides have pre- did not present the properties (IP, AL. .4 scores) of PAPs
viously been characterized with respect to their toxicity (data not shown). C31 did not present any observable toxicity
against bacteria and mammalian cells, and in both cases a against bacterial or mammalian cells when applied extracel-
greater toxicity towards bacterial cells was observed (Table 3). lularly (Fig. 2A.B).

[able I
Peptide scquelnces o1f a subset of antibacterial peptides

Peptide nlame Peptide sequence

(KIAKKIA 2NH2 KIAKKTKIAK< ýIA-NH 2
(KIAKKIA 3Nl12 KTAKKIAKIAKIAKI'AKIA-NH12
(K1AKLAK)2Nlt12 KIAKAKKTAKLAK-NH

1
2

(KIAKLAK(3NF112 K AKLAKK AKLAKE I AKLAK-NH2
(KA1.KAI K)3N1t2 KA.KAI.<KAI KALKKALKA K-NI|2
IK1(,GKKI.G)3N 12 Ki<KKLGKLK KLGKLKKL-NH2
(ecropinA K;KLFKKIEF.CGQ: ! F< G AG AVG \ :xAK-N[12
Melittin 1 GAVLKVLTT(L F:I W Al K]KFKQ-N112
Magaiinin 2 Gr :KFLJHSAKK -GK:, 'iMN.-NH2

('Ali 13)M(I 13jNH2 KWKLFKKIEKVGQG , A \ ITTG-NH2

CArl 8)M(I l8)NH2 KWKL FKK I (7AVLKVL TTLPALs-NH2
KMal K ,ALKLA-KAWK- A ; K A-N2
Kla2 KLALKAALKAWKAAAK LA-Nf12
Kla3 K ;A ,AAKAKAWKAAAKAA-NH2
Kla7 KAIAKS LK KSIAKAT-NH2
KIaS KALAA, ]KKWKK LLYýAK-NIH2
Kla9 K LAKAALKWLLKALKAA-NH2
Khal[ KA1A KK LAKWK AAAKALL-NH2

Klall KI TKLAIKAWKLALKAA-NH2
Ka l12 KALAKALAKLWKA:,AKAA-NH2
m2a -• KFF SAKKFGKAVI IMN -N 12
W I 6-m2a G I .SAKKIGKAWVGE IMiS-NH2

I.2R II A20(-m2a (I YKJ FSAKKFGKAFVA AAMN -- NH2
16151 -m2a 1 ;KKI iSAKK GKLF.E TI M-N-NH2
16A81,15117-m2a O GKFI 1AAKKFGK Fl IMNS-NH2

16R11R14W16-m2a .T DKF1ISAKFGRAWV I tMNS-NH2
16V9W I 2T1 5117-m2a GI 1GKFI ISVKKGKT I -i EI IMNs-NH2

100-1112a (3IAKFGKAAAH1FG " W ELMN -NH2
1401-m2a GI GKFIIT LKTFGKKL.VG IMNs-NH2

160-nm2a 7 I GF1KVKSFGKSWIGETMNs-NH2

The amino acids ill the peptide sequence are represented inl a one-letter code.
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Table 2A
Observed characteristics of a Subset of antibacterial peptides

Peptide CD Water Observed lipid Antibacterial (Gran(-) Activity Gram(+) Cytotoxicity Reference

(KLAKKLA)2NH2 <5 24 6 6 ,272 [81
(KLAKKLA13NH2 < 5 79 4 4 > 11 [81
(KLAKLAK)2NH2 < 5 37 6 6 517 [81
(KLAKLAK)3NH2 < 5 79 4 4 ' 9 [81
(KALKALK)3NH2 < 5 67 4 8 II 181
(KLGKKLG)3NH2 < 5 33 4 4 393 [8]
Cecropin A 0 75 0.2 > 300 > 200 [241
Melittin 0 75 0.8 "02 400 124]
Magainin 2 0 44 4 300 300 124]
CAll-131M(l 13)NH2 0 55 0.5 2 -200 [241
CA( [ 8)M( -l8)NH2 0 63 0.3 I '600 1241
Klal ND 73 5.2 2.6 II 1251
Kla2 ND 68 11 45 107 1251
Kla3 NI) 59 91 91 > 200 1251
Kla7 ND 70 5.6 1.4 1.8 1251
Kla8 ND 62 5.8 3 2.5 1251
Kla9 ND 55 6.2 1.6 1.7 [251
Klalf) ND 62 6. 1 1.5 2 [251Klal 1 NI) 69 5,3 5.3 IO I25]

Klal2 N D 67 6 1.5 10 [251
m2a ND 57 40 '80 428 [25]
w16-m2a N D 57 40 > 8(1 5(19 [25]
12rl la20m2a ND 45 75 - 75 100 [251
i6l15-m2a N D 57 38 38 2601 1251
i6a8115il 7m2a NID 61 2.4 9.6 32 [251
i6rl lrl4wlvm2a ND 52 37.5 >75 3013 1251
i6v9wl2t15il7-m2a ND 64 213 18 56 [251
100-m2a ND 48 75 75 700 1251
140-mi2a NID 75 13 13 35 [251
160-mia ND 54 19 76 82 [251
Peptide: see Table I for the amino acid composition for each peptide described in this table. CD Observed in water or lipid: percent of e1-heli-
cal secondary structure determined by circular dichroism. Antibacterial activity G(+) or G(-): the minimal inhibitory concentration (pg/mIl) for
each peptide against Gram(+) and Gram(-) bacterial cells. Cytotoxicity: the concentration (tg/iml) required for inhibiting the growth of main-
malian cells. usually red blood cells or fibroblasts.

4. Discussion against mammalian cells 1I19] (i.e. non-selective toxicity),
thus PAPs would be expected not to be simply highly hydro-

In order to optimize our homing pro-apoptotic approach to phobic peptides. We observed that in our group of peptides
target and kill angiogenic endothelial cells supplying cancer (Table 1), all of the peptides but one were hydrophilic. con-
cells, we have developed APAP. an approach to detect PAPs. stituting an appropriate group of peptides from which to se-
APAP was originally developed to overcome the problems of lect PAPs. It has been shown previously that antibacterial
toxicity and synthesis associated with our chemotherapeutic peptides with lower hydrophobicity display higher specificity
approach [1]. Positively charged PAPs, which are non-toxic towards Gram-negative bacteria [20]. In agreement with this
outside the cell, are targeted to tumor vasculature by a fusion notion, all the peptides analyzed in otir study presented higher
with a peptide that recognizes a receptor on the cell surface specificity towards G(- ) bacteria as expressed by the TI val-
[17,18] and consequently internalized where they disrupt the ties (Tables 2A and 2B).
negatively charged mitochondria, thereby exerting their pro- Alternatively, the propensity to form soluble structures in
apoptotic effect. water (expressed by the propensity to form secondary struc-

We calculated the amphipathicity, IP and AGADIR scores
for a subset of 30 different antibacterial peptides. The values
grouping those peptides with the highest TI were considered Cytosolic Extract + + + + + + +
the signature of PAPs. We searched for PAPs that resemble Mitochondria - - + + + + +
antibacterial ones, based on the posited relationship between Sonication - - - + - - -

initochondrial-dependent apoptosis mechanisms and antibac- Substance P - + - - - + -
terial activity. APAP provided us with a tool to identify PAPs DLSLARLATARLAI - - +
independently of any sequence similarity with other known
antibacterial or pro-apoptotic peptides. Additionally, APAP Proform 32 KDa - A_____
allowed us to search sequence databases systematically. Caspase-3

We calculated the amphipathicity and IP because amphi- Processed 18 KDa-
pathic peptides are known to be membrane-associated [II], Form
and the selectivity for recognizing bacterial-like membranesdepndson he omosiionof he emrans [,3] Adi- Fig. I. I'ro-apopiotic aictiv ity ot SP. F'he release of cx tochroitc
d epends on the comnposition of' the membranes [2,3]. Addi- from mitochondria and the processing of caspase-3 into the active
tionally, it has been previously recognized that hydrophobic form are showvn for SP and controls (sonication, the detergent Tri-
peptides display both antibacterial activity and toxicity ton X-100 and a non-toxic peptide DI.SIARIATARLAI).
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"[able 2B
Calculated characteristics of a subset of antibacterial peptides

Peptide A M (P (lt TI

(KLAKKLA)2NH2 4.5 0.48 11.5 -0.249 45.3
(KIAKKLA)3NII2 16.2 048 L1.7 -) .249 2.8
(K LA K LAK)2N 112 5.1 048 11.5 -0.249 86.2
(KIAKLAK)3NH2 17.2 048 11.7 -0.249 2.3
(KAI.KAIK)3NH2 16.6 (.48 11.7 -0.249 2.8
(KL-(K KLG)3NH2 1,1 0.49 11.7 -0.274 98.3
(ecropin A 1.2 0,44 11.2 -1.123 1000.0
Melittin 3.1 0.46 12.6 -0.83 5)0(.0
Magainin 2 0.8 0_56 10.8 -0).036 75i.
CAll 13)M(I 13)NH2 1.1 11.53 11.1 -0.46 400
CA(I 8(M(I 18(NH2 1.3 0.43 11.4 0.065 2000
Klal 13.4 0,.16 11.4 -1.1025 2.1
Kla2 10.6 0),310 11.4 -0.056 9.7
Kla3 7.2 0.17 1 1.4 -0.087 2.2
Kla7 2,4 0.53 11.4 -11.0126 0.3
Kla8 49 0.51 11.4 (0.025 0.4
Kla9 18 0,38 11.4 -0.025 11.3
Kla 0 23,5 (0.45 11.4 -0.0251 0.3
Klal 1 14.8 01.16 11.4 -01.027 1.9
KlaI2 19.5 (1.49 11.4 -(.056 1.7
m2a 0.8 0.56 101.8 -0.036 1(0.7
w 106-m2a 0.9 0(.49 10.8 -01.1146 12.7
1211 la20-m2a 0.9 0.51 11.1 -(0.094 13.3
i61 5-m2a (.6 0.54 11.8 -0.095 6.8
i6a8115i 17-m2a 1.1 (.55 10.8 0.11(6 13.3
i6r I I r 14,, 16-m2a (1.8 0.48 11.7 -(1.0)95 8.1
i6v9w 12t I5i 17-m2a 0.7 0.56 101.8 -0.035 24.3
I00-m2a 1.1 11.46 10.8 -(0.045 9.3
140-m2a 0.9 0.57 10.8 -(.049 2.7
16((-m2a 0.7 (1.57 1M1.5 -0.017 4.3

Peptide: see Table I for the amino acid composition tor each peptide described in this table. A: AGADIR score. .: average helical hydropho-
bic moment. III: estimated isoelectric point. (tI): averaged hydrophobicity. TI: calculated therapeutic index.

tures in water, AGADIR score) was used in our approach. in our analysis because they were deposited in the SwissProt
Since hydrophobicity and the propensity to form soluble database in their mature form. In this form, they were longer
structures in water are inversely related, it is expected that than the cut-off value used to define the peptide database
hydrophobic sequences will display a low AGADIR score. analyzed in this study (see Section 2 for a description of the
The inverse is not necessarily true, though: that is. peptide peptide database used in this study). Alternatively. two cecro-
sequences with low AGADIR scores are not necessarily hy- pins (cec4_bomino, cecb.antpe) and two other natural anti-
drophobic. Interestingly, PAPs tend to be hydrophilic with bacterial peptides (crblvescr, dms3_physa) were found in our
low AGADIR scores (Tables 2B and 3). search. In agreement with our predictions, these antibacterial

The peptides used to define the parameters of the PAPs peptides have been reported to have TIs similar to PAPs (Ta-
(Table I) are mostly synthetic peptides, with the exception ble 3). As further evidence of the validity of our approach, we
of three natural peptides (magainin, cecropin A and melittin). tested two peptides, C31 and a control, that did not match the
None of these three natural peptides in Table I were detected IP. M and A scores of PAPs (Fig. 2). The C31 peptide has

Table 3

PAPs in the SwissProt database

SwissProt name A if IP (lb) Length Antibacterial activity Gram)-) Cytoloxicity Reference

Bol I megpe 7.9 0.52 11.1 ((.0(58 17
Cec4 bomnno 0.5 0.44 11.3 -0.097 35
Cecb anitpe 0(.5 0.43 11.5 -0.132 35
(rbl vescr 0.7 0.50 11.6 0.144 13 15 > 121 [241
Dins3 physa 1.7 0.44 11.1 -0.024 30 2.5 801 [26]
Grar ranru (0.114 0.53 11.6 -0.084 12
Ranr ranru 1.3 0.44 11.6 -(.239 17
Npf arttr 4.3 (1.45 101.9 -(.297 36
sp5m_ bacsu 2.5 (M.55 11.4 -0.095 26
Stp bpt4 1.7 0.43 11.1 -0.278 26
Tkna gadmo 01.103 1.48 11.6 -0.190( I1
Tkna horse 0.03 0.51 11.6 -0,201 11
TkIna onciny .1 10.49 1 1.6 -0. 175 11
Tkna0scyca (.03 0.49 11.6 -0.124 1I

SwissProt name: the accession name in the SwissProt database for that particular peptidc. A: AGADIR score. M: average helical hydrophobic
moment. IP: calculated isoelectric point. (I1): averaged hydrophobicity. Cytotoxicity: the concentration (pgmIl) required for inhibiting the
growth of mammalian cells, usually red blood cells or libroblasts.
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A database in the active f'orm. Analyzing all of' the tachykinins
deposited in the database (precursors and active lornms), we

found that 10 out of 61 were predicted to be PA Ps (data not
- _.. shown). Notably. these 10 \Ncre SP peptides fiom ditke'rcnl

species.
10 >.s. S+n++s o SP is known to form an (x-helical structure in hydrophobic

> 4o, - 31•SOM,-r environments but not in aqueous solution 23],. while it has a
- ------.----------------------............. . ......... positive charge distribution over its sequence. supporting the

finding that SFP is a PAP. Therefore, the neuropeptide SP was
tested for its preference for mitochondria-like membranes.

0 . The results presented in this work support our predictionsC 3 5 6 2

Time (Hours) that SP is a PAP. Ilowe \er. we did not observe at complete
B inhibition of E. coli growth, probably because of its well

"known short half-life in solution (minutes). while our experi-

i-, " ments lasted for 8 Ih. Another possibility is that SP only dis-

..... _plays a bacteriostatic activity, since the toxicity displayed by
SP on bacterial cells was not markedly all'cted by the con-

,,Z+ centration of SP, as in the case of antibacterial peptides.
5> In developing APAP we focused on the characteristics that

- -.......... -define selectivity rather than elticiencv to kill bacteria. There-
fore, it is not surprising that SP demonstrated bacteriostatic,
but not bactericidal. actixity. It is noteworthy that SP and
most of the antibacterial peptides analyzed in this study (Ta-

.. concentration (microMolar) ble I) are active in tile lows mlicromlolar concentration rInge,

lig. 2. Selective toxicity of SP on bacteria. The ef'ect of' SP and and that SP is only II ino acids long. Iowvcci SP 'x s
('31 on elt viabiliiy was measured on tibroblast celts (At and hacte- toxic at higher concentrations than the antibacterial peptidesr1a cells ). The v iabilityi is reported teatib e to a control ( pepte in Table 1. We are currently working to use APAP to design
rLSaRLIRA) cel (B) hevaiiyireotdrltvtotcnrlpeptide moeeetxe tirtlDI-SLARLATARLAI). more effective antibacterial peptides with higher TI values.

In conclusion, we have described a computational ap-

proach. APAP. to identilt' PAPs. l'hese peptides display se-
been shown It) induce apoptosis by all unknown mechanism lectivity towards bacteria and mitochondria, whith little toxic
[16], so xxe considered it an interesting target for our study effect on eukaryotic cells wvhen applied extracellularly, thus
since we might provide some hints on the mechanism of ac- providing the basis lor a nle\ generation of drugs that can
tion of ('31 in addition to testing our approach. We found be present in the body wxiihout toxic effect unless they are
that none of these peptides is toxic to bacterial or manmmalian taken in by targeted cells as We have shown prexiousls [1],
cells when applied extracellularly thus confirming our predic- From ia public database, the approach detected mostly anti-
tions. Based on these results we propose that C31 may induce bacterial peptides and neuropeptides suggesting that these
apoptosis by a different mechanism than PAPs. neuropeptides may be the first reported wxith antibacterial ac-

In total, 14 sequences were identified as PAPs in the Swiss- tivity. It agreement wxith this idea. we reported that SP is it
Prot database (see Section 2). These 14 peptides can be placed PAP with a TI > 100. We speculate that these activities have
into Iour diflerent groups based on their known function: i.e. been present in SP during the course of Cvolutiorn of the
antibacterial peptides. neuropeptides, mast cell degranulating tachykinins. which Weould support the possibility of a biolog-
peptides and protein protein interacting peptides. Two out of ical signiticance for these findings. APAP provides a method
these four groups, antibacterial peptides and neuropeptides, to detect and ultimately improxe pro-apoptotic peptides for
represent more than 80W' of the total (Table 3). Neuropeptides chemotherapy.
appear to be over-represented since there wcre only 48 neuro-
peptides in the original pool of 2473 peptides in the SwissProt Gc 'd , c'emt. (i.R., S.'.O. and R.R. are sulpported 1v an Nil -

database. togarty grant, Pewx ('haritable T'rust F oundation gr.ant and N II
training grant. respectiv ely. 'This " ork " ias supported hy N IIrI (iants

The special need for antibacterial peptides in the mammna- ROI('A/AG84262-01AI to II.M.i. and NS33376 and AGI2282 to
hlan brain has been pointed out previously [21], since these D.E.B. and DoD Grant t)AMN)I17-98-t-85,.I to I).!.B.
may represent a more immediate line of control for bacterial
infection than the immune system (which has a restricted ac-
cess to the brain). Considering the properties of PAPs, our References
tindings suggest that some previously identified neuropeptides il[ Ftterbc. HIM . et al. (t999t Nat. Mcd S, 101" 1018.
may have antibacterial activity.

[21 Oren, Z. and Shai, Y, (198) IBiopolty iners 47, 451 463.
Among the neuropeptides identified as PAPs (Table 3). four [31 Matsuzaki, K.. Sugishttia. K., Fujii, N. and Miyajita. K. ( t995)

were homologs of SP: tkna gadmo. tkna _horse. tkna oncnms Biochemistry 34, 3423 3429.
and tkna _scyca. SP belongs to the tachykinin family. Tachy- [4] Hershbergcr, P.A., D)ickson, J.A. aitd Iriesen, PDI) (t9921)
kinins are synthesized as larger protein precursors (usually J. Virol. 66, 5525 5S33.
more than 4(0 amino acids in length)that are enzvmatically [[�] Satesen. G.S. and I)ixit, V.M. 1997) ('Cell 91. 443 446."m[6) Zou, IL., Li. Y., Liu. X. and Wang, X. (1999 I. Biol, ('ient, 274,
converted to their mature forms [22]. In our original search. 11549 1155(.
we were able to detect only those recorded in the SwissProt [7] J.urgeinsmeier, J.M.. Xie. Z., l)exeraux, Q., Itllerb\, IL. Bredeseit.
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Targeting the prostate for destruction through a
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Organ specific drug targeting was explored in mice as a possible CA). The pumps were loaded with peptides following the
alternative to surgery to treat prostate diseases. Peptides that manufacturer's instructions.
specifically recognize the vasculature in the prostate were identi-
fied from phage-displayed peptide libraries by selecting for phage Mice. CD-1 male mice (The Jackson Laboratories) were used for
capable of homing into the prostate after an i.v. injection. One of phage screening at an age of 2-4 months. Transgenic adeno-
the phage selected in this manner homed to the prostate 10-15 carcinoma of the mouse prostate (TRAMP) mice, kindly pro-
times more than to other organs. Unselected phage did not show vided by Norman Greenberg, Baylor College of Medicine,
this preference. The phage bound also to vasculature in the human Houston) were bred at our Animal Facility.
prostate. The peptide displayed by the prostate-homing phage,
SMSIARL (single letter code), was synthesized and shown to inhibit Phage Libraries and Library Screening. The phage libraries were
the homing of the phage when co-injected into mice with the prepared in the fUSE5 vector as described (6, 7). The primary
phage. Systemic treatment of mice with a chimeric peptide con- library contains about 5 X 101 individual recombinant phage.
sisting of the SMSIARL homing peptide, linked to a proapoptotic For the library screening, CD-I mice were anesthetized with
peptide that disrupts mitochondrial membranes, caused tissue Avertin (0.015 ml/g) and injected intravenously (tail vein) with
destruction in the prostate, but not in other organs. The chimeric phage libraries containing 109 transducing units diluted in 200 A1

peptide delayed the development of the cancers in prostate cancer- of DMEM. The phage was rescued from tissues by bacterial

prone transgenic mice (TRAMP mice). These results suggest that it infection (2), and about 300 individual colonies were grown

may be possible to develop an alternative to surgical prostate separately. The bacterial cultures were then pooled and the

resection and that such a treatment may also reduce future cancer amplified phage were injected into mice as described above. To

risk. test individual phage for homing, 109 colony-forming units (cfu)
(fUSE5) or 1010 plaque-forming units (pfu) (T7), diluted in 200
a eel of PBS, were injected. The SMSIARL insert and its scrambled

iseases affecting the prostate have gained majorsignificance variant were cloned to the T7 phage (T7select4l5-1 vector;
* clinically and economically, primarily because of the in- Novagen), and the resulting phage was tested as described (8).
creasing average age of the male population in the industrialized
countries. Benign prostate hyperplasia affects to some degree Results
most elderly men. Even more serious, the prostate is a frequent [n vivo screening of a fUSE5 phage heptapeptide library for
site of cancer. Some autopsy studies find that most men older prostate-homing peptides (6) yielded two phage that accumu-
than 70 have occult or overt cancer in the prostate (1). The lated selectively in the prostate. One of these phage, displaying
surgical therapies of prostate hypertrophy and prostate cancer the peptide SMSIARL (single letter code), homed to the
are associated with serious side effects, such as incontinence and prostate 15 times more than nonrecombinant control phage (Fig.
impotence. 1a). The other prostate-selected phage (VSFLEYR) gave a

We have sought to develop a strategy that would provide a less prostate-homing ratio of -10. The homing of the SMSIARL
traumatic treatment for prostate disease than is currently avail- phage to prostate tissue was inhibited when synthetic SMSIARL
able. Our strategy is based on identification of peptides that peptide was injected together with the phage, but not when an
home to specific sites in the vasculature by in vivo screening of unrelated peptide was injected (Fig. ta). The SMSIARL phage
intravenously injected phage libraries. These studies have re-
vealed a surprising degree of specialization in the endothelia of
various normal tissues (2, 3). Screening phage libraries for tumor Abbreviation: TRAMP, transgenic adenocarcinoma of the mouse prostate.

homing has yielded a collection of peptides that home to tumor 'W.A. and W.H. contributed equally to this work.

vasculature (4). We and others have used these tumor-homing *Present address: DepartmentsofGenitourinary Medical Oncologyand Cancer Biology, The
p odirect therapies into tumors in mie (4,5). We report University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Boulevard, Box 427,

peptides to Houston, TX 77030-4095.

here the identification of peptides that home to the vasculature SPresent address: Ordis Biomed, Institut fur Pathologie. LKH-Universitatsklinikum Graz.

of the prostate and the use of one of these homing peptides to Auenbruggerplatz 25, 8010 Graz, Austria.
deliver a proapoptotic peptide to the prostate. Present address: Department of Pathology, University of Aberdeen, University Medical

Buildings, Foresterhill. AB25 2ZD Aberdeen. Scotland, United Kingdom.
Materials and Methods **Present address: Biology Department, Research and Development Center, Boehringer

Materials. Peptides were synthesized to our specifications by Ingeiheim Pharmaceuticals, Ridgefield. CT06877-0368.
AnaSpec (San Jose, CA) or by our Peptide Synthesis Facility. t"Present address: The Suck Center for Research in Aging, 8001 Redwood Boulevard,
The peptides were purified by HPLC and their identity was Novato. CA 94945.

confirmed with mass spectrometry. "To whom reprint requests should be addressed at: Cancer Research Center, The Burnham
Apotag Kit for TUNEL stainingwas purchased from Intergen Institute, 10901 North Torrey Pines Road, La Jolla, CA 92037. E-mail: ruoslahtie

(Purchase, NY). Testosterone pellets (12.5 mg) and control burnhan.org.
The publication costs of this article were defrayed in part by page charge payment. This

pellets were from Innovative Research of America (Sarasota, article must therefore be hereby marked 'advertisement' in accordance with 18 U.S.C.
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Fig, I. Specific homing of phage to the prostate. (a) Phage selected for prostate homing accumulates specifically in the prostate and the homing is inhibited
by soluble peptide. The SMSIARL fUSE5 phage, identified by in vivo screening, was tested for prostate homing. This phage and an irrelevant control phage were
injected intravenously to male mice [101 colony forming units (¢fu) per mouse] and the phage were rescued from various tissues based on their ability to infect
a host bacteria. As indicated, 200 pg of the SMSIARL peptidle or a control peptide (CARAC) was included in the injection to test inhibition of SMSIARL phage
homing. (b) The SMSIARL peprtide directs specific homing of T7 phage to the prostate. The SMSIARL sequence was cloned to the coat protein of the T7. A 1:10
mixture of SMSIARL and nonrecombinant control T7 phage 11010 plaque-forming units (pfu)] was injected and allowed to circulate for7 rain. Phage was extracted
from prostate and brain with buffer (PBS), or a detergent solution (0.5% Nonidet P-40 in PBS) and plated, and 32 colonies were randomly chosen for PCR. The
PCR products of SMSIARL and control phage DNA were distinguished on the basis of a size difference in a 4% agarose gel. (Control tissue was brain.)

homed also to the rat prostate tissue (not shown). The SMSIARL phage and nonrecombinant phage; the ratio of the
SMVSIARL peptide when cloned into the T7 phage (6) showed two types of phage in the prostate was determined by PCR. The
a similar homing specificity for the prostate. SMSIARL phage homed to the prostate 10-15 times more than

Phage displaying a scrambled variant of this peptide (LAM- the nonrecombinant phage. The recovery of the SMSIARL
SRIS) showed no homing to the prostate. The T7 SMSIARL phage was more than 5-fold higher when the tissue was extracted
phage was not enriched in the brain (Fig. pb), salivary gland, with detergent rather than buffer alone. The brain as a control
kidney, testis, thymus, pancreas, skeletal muscle, or lung (not organ showed no enrichment with or without detergent (Fig. lb).
shown)b We also confirmed the homing specificity by co-injecting The greater phage recovery after lysis of the tissue with deter-

Fig. 2. Immunoihistochemical staining of phage within prostate endothelial cells after i.v. injection into mice. SMSIARL-phage preparation was injected
intravenously into mice. After 7 fin circulation, animals were perfused with PBS, the prostate (a-c), brain (d-f), and various control organs were removed,
processed for frozen sectioning, and stained with a polyclonal antibody against T7 phage (FITCn a and d) and CD31 (rhodamine; b and ey. Merge with nuclear
counterstain with DAPI (c and f). Control organs (kidney, spleen, lung; not shown) were negative for the phage, except for liver and spleen, where the
reticulsendothelial tissue traps phage nonspecifically (4). (Magnification: s400.)

1528 1 www pnas.org/cgi/doi/10.1073/pnas.241655998 Arap et al.
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Fig. 3. SMSIARL phage binds to endothelium in human prostate. A human prostate tissue section containing both normal and cancerous tissue was overlaid
with the SMSIARL phage (109 cfu/ml) and the binding of the phage was detected with anti-Mi 3 phage antibody and peroxidase staining. (a) An overview (x 200);
(b) a detail from a at a higher magnification (x400). Staining of the endothelium is seen. (c) Overlay with phage that contains no peptide insert produces no
endothelial staining. (d) The SMSIARL-phage staining is inhibited when soluble SMSIARL peptide is included in the overlay at 0.3 mgimI.

gent suggests that the SMSIAR L phage may have been taken up homes to tumor vasculature, D(KLAKLAK)2 yields a chimeric
into cells, compound that is selectively cytotoxic to angiogenic endothelial

Antibody staining of the phage in tissue sections from mice cells and has antitumor activity in vivo (10). We used the same
injected intravenously with the T7 SMSIARL phage revealed strategy to prepare a proapoptotic chimera that targets the
staining in the prostate 7 min after an i.v. injection (Fig. 2). The vasculature of the normal prostate, and studied its ability to
phage staining colocalized with staining for the blood vessel cause selective tissue destruction in the prostate.
marker CD3t, indicating homing to blood vessels in the prostate. Mice were injected with 250 A.g of the targeted SMSIARL-
No specific staining was seen in control organs, or in prostate or GG-D(KLAKLAK)2 chimeric compound and the prostates were
control organs of mice injected with a nonrecombinant control collected after 1, 4, 8, 12, 16, 24, and 48 h, and after 7 days.
phage. The phage staining appeared to be intracellular, sup- Control groups received D(KLAKLAK) 2 coupled to a non-
porting the detergent extraction results shown in Fig. lb. Overlay homing scrambled peptide (LAMSRIS), SMSIARL and

of tissue sections from human prostate with the SMSIARL D(KLAKLAK)2 as an uncoupled mixture, or buffer alone. A

phage indicated that this phage also binds to the endothelium of total of 62 mice treated with SMSIARL-GG-D(KLAKLAK) 2
human prostate blood vessels the same way it binds to the mouse were evaluated. In prostates collected 16 h or later after thehuma prstae blod essls he sme ay t bnds o te muse injection, histology revealed an unevenly distributed destruction
prostate vessels (Fig. 3). Significantly, vessels in hypertrophic ofj theo prostat e aledu a n e vel y disthat des tructiea

human prostate tissue bound the SMSIARL phage. No binding of the prostate glandular epithelial cells that in some areas
h included epithelial shedding and destruction of entire glandular

of this phage was detected in the blood vessels in several other structures (Fig. 4 a and b). These changes were still present 7 days
human tissues. Similar localization results were obtained with after the treatment and no mitotic figures were observed,
the free SMSIARL peptide coupled to fluorescein (data not suggesting sustained damage and poor regeneration (not
shown). shown). Electron microscopy showed extensive destruction of

We next studied the ability of the SMSIAR L peptide to deliver intracellular organelles in the SMSIAR L-GG-D(KLAKLAK) 2-
a biologically active compound to the prostate. D(KLAKLAK) 2  treated, but not control-treated, mice (Fig. 4 c and d). Tissue
is an amphipathic D-amino acid peptide that binds selectively to damage was also evident from an increase in TUNEL-positive
bacterial, but not eukaryotic cell membranes (9). It has antibac- vascular and glandular cell nuclei in the prostates of mice treated
terial activity, but is relatively nontoxic to eukaryotic cells. We with SMSIARL-GG-D(KLAKLAK)2 (not shown). The pros-
have previously shown that D(KLAKLAK) 2, if delivered into tates of control animals displayed only rare degenerating epi-
mammalian cells, disrupts mitochondria (mitochondrial mem- thelial cells and all other organs examined (brain, heart, liver
branes resemble those of bacteria), initiating apoptosis (10). kidney, lung, urothelium) were histologically normal during or
Conjugated through a G-G linker to a homing peptide that after treatment with each of the compounds (Fig. 4 e--h).

Arap et al. PNAS I February 5. 2002 1 vol. 99 1 no. 3 I 1529
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Fig. 5. Survival of TRAMP mice treated with SMSIARL-GG-o(KLAKLAK) 2 or
control materials. The treatment was initiated at 12 weeks of age. Male mice
(ten per group) received i.v. injections of SMSIARL-GG-o(KLAKLAK) 2 peptide
(200 jug per dose), or an equivalent dose of SMSIARL and (KLAKLAK) 2 as
uncoupled peptides (control-treated group). The injections were given once a
week fora total often doses. The mice in the SMSIARL-GG- o(KLAKLAK) 2 group
survived significantly longerthan the control mice treated with the uncoupled
peptide mixture or with buffer.

SMSIARL-GG-D(KLAKLAK) 2 consistently produced damage
in the prostate (data not shown).

The tolerated dose of SMSIARLGG-D(KLAKLAK) 2 was
limited by acute toxicity of the compound; the dose could be
increased by giving the injection slowly over several minutes.
Mice injected with SMSIARL-GG-D(KLAKLAK) 2, as well as
those injected with equivalent amount of nonconjugated mixture
of the homing peptide and proapoptotic peptide, showed mar-
ginal elevation of serum parameters of liver (ALT, AST, GGT)
and kidney (creatinine and blood urea nitrogen) function. The

Fig.4. Targeted proapoptotic peptide to mouse prostate vasculature causes lev e y rtredto n drm lodweea nitreation. The

tissue damage in prostate but not in other tissues. Mice received an i.v.2S0 g levels returned to normal 1 week after the treatment. In one
injection of the SMSIARL-GG- o(KLAKLAK)2 or an equivalent dose of SMSIARL experiment, four mice that had been treated with four weekly
and D(KLAKLAK) 2 as uncoupled peptides (control-treated mice). The mice injections of SMSIARL-GG-D(KLAKLAK) 2 were allowed to
were killed 24 h after the injection. Prostates were fixed inparaformaldehyde mate. Vaginal plugs showed that mating had occurred and litters
or glutaraldehyde solution and processed for light microscopy by staining were born in each case. These results suggest that SMSIARL-
with hematoxylin/eosin (H&E) or electron microscopy. Light microscopy GG-D(KLAKLAK) 2 causes damage in the prostate, while other
showedfocal lossofcell bordersand epithelial shedding inthe ventral lobeof tissues are spared and the mice remain fertile.
prostates from the SMSIARL-GG- D(KLAKLAK)2 group. (a) H&E-stained micro- We next analyzed the effect of a systemic SMSIARL-GG-
graph shows massive glandular destruction with nearly complete shedding of
the glandular epithelial cells into the lumen. (b) A representative micrograph D(KLAKLAK) 2 treatment on the longevity of TRAMP mice

of normal prostate tissue from a mouse treated with the uncoupled peptide (12). Two independent experiments gave similar results; one of
mixture. (Magnification in a and b, X400.) (c) An electron microscopic image the experiments is shown in Fig. 5. The SMSIARL-GG-
of a single epithelial cell from a SMSIARL-GG-o(KLAKLAK)2-group prostate. D(KLAKLAK) 2 survived significantly longer than the control
The cell hassloughed off intothe glandular lumen and massive destruction of groups that received the uncoupled peptides or buffer (P < 0.01
its organelles is seen. (d) A representative micrograph of normal prostate for both; Log Rank test).
shows intact cellular structure. (Magnification in c and d, X6,000.) Light
microscopy shows no damage to bladder (e; x200), heart(tf x400), kidney (g; Discussion
x400), or liver (h; x400). We show here that peptides selected from phage libraries for

homing to the prostate vasculature reveal tissue-specific features
To effect sustained levels of the compounds used in the in the blood vessels of the prostate. We also show that a peptide

treatments, we used an implanted peristaltic pump for controlled capable of homing to the blood vessels in the prostate can target
release. Each pump was loaded with either SMSIARL- a proapoptotic peptide to the prostate, and that systemic treat-
D(KLAKLAK) 2 or an uncoupled mixture of SMSIARL and ment with this targeted compound can cause destruction of
D(KLAKLAK) 2. The animals were killed after 1 week, and their prostate tissue and delay the development of prostate cancer in
organs processed for histology. In another control experiment, mice. Our results show that, like the vasculature of many other
we also implanted s.c. testosterone pellets to eliminate any tissues analyzed in previous work (2-4), the vasculature of the
variation in the sensitivity of prostate tissue caused by possible prostate is biochemically distinct. The accumulation of the
fluctuations in endogenous androgen levels (11). Seven days SMSIARL phage and fluorescein-labeled SMSIARL peptide in
later, controlled release pumps loaded with the peptides the prostate blood vessels after an i.v. injection indicates that this
were implanted on the peritoneal area opposite the pellets. peptide binds selectively to the blood vessels in the prostate. The

1530 I www.pnas.org/cgi/doi/10.1073/pnas.241655998 Arap et al.



selective destruction of prostate tissue caused by targeting of a alternative treatment for prostate hypertrophy. Furthermore,
proapoptotic peptide to the prostate with the SMSIARL homing the proapoptotic peptide treatment postponed the development
peptide supports this conclusion, of prostate cancer in TRAMP mice. We attribute the effect in

The molecular nature of the vascular specialization is incom- the TRAMP mice to a reduction in the number of target cells
pletely understood. We have identified the receptor for a peptide available for malignant transformation, because the SMSIARL
that homes to lung vasculature as membrane dipeptidase (13). peptide does not home to the vessels in the TRAMP tumors
Others have shown that a modified von Willebrand factor (W.H. and E.R., unpublished result). The lifespan extension in
promoter is activated in endothelial cells in a tissue-specific our treated TRAMP mice was 6-8 weeks, close to 20% of the
manner under the influence of the surrounding parenchymal lifespan, even though the treatment works against a tremendous
tissue (14), providing one possible regulatory mechanism for the oncogenic pressure in these transgenic mice (12, 15). In human
expression of tissue-specific endothelial markers. Perhaps pros- terms, this would mean postponement of prostate cancer devel-
tate tissue induces receptors for SMSIARL in the resident opment for several years. A medical treatment that reduces the
endothelium. Although the molecule the SMSIARL peptide size of the prostate and at the same time delays the development
binds to in the prostate vasculature remains to be identified, our of prostate cancer could be an extremely useful procedure.
results suggest some practical applications.

The destruction of prostate tissue by the SMSIARL-targeted We thank Dr. Norman Greenberg for providing TRAMP mice and Eva
proapoptotic peptide is likely to be secondary to loss of blood Engvall for comments on the manuscript. This work was supported by
vessels, the main target of the homing peptide. However, we Grants DAMDI7-99-1-8164 (to W.A.), DAMDI7-98-8581 (to D.E.B.),
cannot exclude a direct effect on prostate epithelial cells. The and DAMD17-98-1-8562 (to E.R.) from the Department of Defense,
tissue damage was specific for the prostate, suggesting that it may research awards from CaP CURE (to W.A. and E.R.), and Grants
be possible to develop a "medical prostatectomy" procedure CA74238 and CA82713 (to E.R.) and Cancer Center Support Grant
based on this principle. Such a procedure could provide an CA30199 from the National Cancer Institute.
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Protein engineering is an emerging area that has ex- bacteriocins (23-26). Although most naturally occurring, pore-
panded our understanding of protein folding and laid forming proteins maintain their tertiary structure when dis-
the groundwork for the creation of unprecedented rupting membranes, the colicins undergo a spontaneous tran-
structures with unique functions. We previously de- sition from a native folded state in solution to an open
signed the first native-like pore-forming protein, small umbrella-like state in membranes. SGP was designed to mimic
globular protein (SGP). We show here that this artifi- this membrane insertion mechanism, which was confirmed in
cially engineered protein has membrane-disrupting synthetic bilayers, where SGP formed a uniform size pore
properties and anti-tumor activity in several cancer an- (1 4 pS) (21). It is still unknown whether or not SGP oligomer-
imal models. We propose and validate a mechanism for izes to form a channel.
the selectivity of SGP toward cell membranes in tumors. Given that SGP forms pores in synthetic membranes, we
SGP is the prototype for a new class of artificial proteins asked whether it could disrupt biological membranes at the
designed for therapeutic applications, cellular level and whether it could be used successfully in vivo

as an anti-tumor agent. We also investigated whether SGP
would show any selectivity toward tumor cell lines in vitro andThe tendency of amphipathic peptides to assemble in aque- inl vivo.

ous solution and of the 13-turn to form a loop has been success-

fully employed to design coiled-coil proteins (1-3), various helix EXPERIMENTAL PROCEDURES
bundle proteins (4-9), and 03-structural proteins (10, 11). De Reagents--SGP, SGP-L, and SGP-E were synthesized according to
novo design of proteins with biological function, such as heme- the Fmoc procedure starting from Fmoc-Leu-PEG (polyethylene gly-
binding, catalysis, or the formation of a membrane pore or col) resin using a Miligen automatic peptide synthesizer (Model 9050)
channel, is perhaps the most challenging goal of peptide chem- to monitor the de-protection of the Fmoc group by UV absorbance
istry (12-19). Much has been done recently in terms of design- (21). After cleavage from the resin by trifluoroacetic acid, the crude
ing membrane proteins that are correctly incorporated into peptide obtained was purified by HPLC chromatography with an ODS
membranes. However, relatively few attempts have been made column, 20 X 250 mm, with a gradient system of water/acetonitrile
to design proteins capable of disrupting membranes and sub- containing 0.1O trifluoroacetic acid. Amino acid analysis was per-

formed after hydrolysis in 5.7 m HCI in a sealed tube at 110 'C for
sequently causing cell death in vivo (19, 20). 24 h. Analytical data obtained were as follows: Gly, 6.2 (6); Ala, 9.5

Small globular protein (SGP)' is a 69-amino acid, 4-helix (10): Leu. 26.5 (25); Asp, 3.0 (3); Pro, 2.9 (3); Tyr, 3.1 (3); Lys. 18.9
bundle protein, composed of 3 amphipathic helices, which con- (18). Molecular weight was determined by fast atom bombardment
sist of Leu and Lys residues and surround a single hydrophobic mass spectroscopy using a JEOL JMX-HX100: base peak, 7555.1: cal-
helix consisting of Ala residues, which create a pocket-like culated for C367H639077N91.H. 7554.8. Peptide concentrations were
structure (Fig. 1, A and B) (21, 22). SGP is monomeric in determined from the UV absorbance of Trp and three Tyr residues at

280 nm in bufler (e = 8000). Gel filtration HPLC chromatography was
solution and denatures in a highly cooperative manner, char- performed using Tris buffer (10 nm, Tris, 150 mM NaCl, pH 5.0 or pH
acteristic of native globular-like proteins. SGP was conceived 7.4) on COSMOSIL 5DIOL-300 INakalai Tesk, Kyoto, Japan).
and designed based on the structure of the colicin family of Computer Model--The computer-generated model of SGP was made

with the program Insight II (Molecular Simulations Inc., San Diego,
CA) runnmng on an Octane SSE work station (Silicon Graphics,

This work was supported by Grants CA84262 (to H. M. E.) and Cupertino, CA).
CA69381 (to D. E. B.) from the National Institutes of' Health/National Cell Culture-All cell lines were obtained coimmercially. The Kaposi's
Cancer Institute, Grants PC001502 (to H. M. E.) and DAMD17-98-1- sarcoma-derived cell line KS1767 and the breast carcinoma cell line
8581 (to D. E. B.) friom the United States Army Medical Research and MDA-MB-435 have been described previously (27-29) and were cul-
Materiel Command, American Biosciences Inc. (to H. M. E. and tured in 1014 fetal bovine serunmDulbecco's modified Eagle's medium,
D. E. B.), and grants from the Gilson-Longenbaugh Foundation (to containing antibiotics.
W. A. and R. P.). The costs of publication of this article were defrayed in Quantification of Cell Death-Cell viability was determined by amor-
part by the payment of page charges. This article must therefore be phology (29. 30). For viability assays, KSI 767 cells were incubated with
hereby marked "advertisement" in accordance with 18 U.S.C. Section tholcgyce29r30i.nFof vait assay, KS1767 cetls ere indicatedw
1734 solely to indicate this fact. the concentrations ofSGP, SGP-L, SGP-E. or control peptides indicated

§ To whom correspondence may be addressed. E-mail: mellerby@ in the figures and in Table I. Briefly, at the given time points, cell
buckinstitute.org. culture medium was aspirated froii adherent cells. Cells were then

** To whom correspondence may be addressed. E-mail: rpasqual@ gently washed once with PBS at 37 'C. A 20-fold dilution of the dye
notes.mdacc.tmc.edu. mixture (100 Agiml acridine orange and 100 gg/ml ethidium bromide)

S The abbreviations used are: SGP, small globular protein; Fmoc, in PBS was then gently pipetted on the cells and viewed on an inverted
N-(9-fluorenyl)niethoxycarbonyl; HPLC, high pressure liquid chroma- microscope (Nikon TE 300). Cells with nuclei exhibiting margination
tography; PBS, phosphate-buffered saline, and condensation of chromatin and/or nuclear fragmentation (early/mid
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A C
Ac-A-A-A-A-A-A-W-A-AA-A-G-P-N-G -

L-Y-L-K-K-K-L-L-K-K-L-L-K-L-L-G-N-P-G-

FIG. 1. SGP representations and
mechanism. A, amino acid sequence of L-K-L-Y-K-K-L-L-K-K-L-L-L-K-L-G-N-P-G-
SGP. Hydrophobic leucine and alanine
residues are shown in red, and positively L-L-K-L-Y-K-K-L-L-K-K-L-L-K-L-L-OH
charged lysine residues are in green. Loop
residues (glycine, proline, and aspara- B
gine) are shown in blue, and tyrosine and
tryptophan residues are in black. B, heli- K K L L.-G L
cal wheel diagram of SGP. C, the putative
mechanism of SGP. (Note red and green X L

"I L
colors reversed in B). In the aqueous K A ,
phase SGP folds into a globular protein L
(upper), but in lipid membranes it adopts A I L
an inverted umbrella-like structure form- COO"

ing a pore (lower). ý -P-N-G- AL

L

K LK

apoptosis-acridine orange positive) or with compromised plasma mem- TABLE I

branes (late apoptosis-ethidium bromide positive) were scored as not Comparison of LC5 o data for SGP, SGP-L, and SGP-E on a variety of

viable; 500 cells per time point were scored in each experiment. Percent cultured human cell types, including primary cultures of

viability was calculated relative to untreated cells, vascular endothelial cells

Human Tumor Xenografts-MDA-MB-435-, KS1767-, PC-3-, and Cell Applications Dermal Microvessel Endothelial Cells (CADMEC),

H358-derived human tumor xenografts were established in 2-month-old Human Umbilical Cord Vascular Endothelial Cells (HUVEC) and Pul-

female or male (according to the tumor type), nude/nude Balb/c mice monary Artery Endothelial Cells (HPAEC), tumor cell lines (PC3 hu-

(Jackson Labs, Bar Harbor, ME) by administering 106 tumor cells per man prostate cancer cells, KS1767 Kaposi's sarcoma cells, H358 human

mouse in a 200 Al volume of serum-free Dulbecco's modified Eagle's lung carcinoma cells), and 293 human kidney cells. This table illus-

medium into the mammary fat pad or on the flank (29). The mice were trates the fact that the altering the structure of SGP can diminish its

anesthetized with Avertin as described (29). SGP was administered cell death inducing ability. The dash marks (-) indicate no data
obtained.

directly into the center of the tumor mass at a concentration of 100 AM

or 1 mM given slowly in 5 M
1 

increments, for a total volume of 40 p1. LC6, at 30 rini
M e a s u r e m e n t s o f t u m o r s w e r e t a k e n b y c a l i p e r u n d e r a n e s t h e s i a a n d C e l l L i n e - ... ...-.--------- ----------------------- ..... ... ..

SGP SPG-L SPG-E
used to calculate tumor volume (29). Animal experimentation was re-
viewed and approved by the Institutional Animal Care and Use /IM

Committee. KS 1767 5 60 30
Histology-MDA-MB-435-derived breast carcinoma and KS1767-de- 4 60 30

rived Kaposi sarcoma xenografts and organs were removed, fixed in PC3 2.5 - -

Bouin solution, embedded in paraffin for preparation of tissue sections, H358 6 - -

and stained with hematoxylin and eosin (29). CADMEC 5 60 30

Skin Toxicity-2-month-old female nude mice (Jackson Labs) were HUVEC 7 - -

anesthetized with Avertin. 10 Al of 100 liM SGP or PBS was injected HPAEC 5 -

into the skin. The injected areas were monitored for 2 weeks. 293 5 -

Cytotoxicity Assays-Cell viability was determined by morphology
(29, 30). KS1767 cells were incubated with SGP at 1 mm in the presence
or absence of matrigel or polymeric fibronectin (sFN). The fibronectin positivity. Such a rapid response suggests that the plasma
polymer was produced as described (31). Briefly, cell culture medium
was aspirated from adherent cells. Cells were then coated with matrigel
(gently pipetted on each well to completely coat the entire cell layer), or SGP to between 5 and 10 AM led to induction of necrosis (scored

the fibronectin polymer, and incubated at 37 'C for 10 min. SGP was morphologically), resulting in almost 100% loss of KS1767 cell
added and the cells were viewed on an inverted microscope (Nikon TE viability over 60 min (Fig. 2B). SGP levels below 5 ALM led to the
300). KS1767 cells were also exposed to doxorubicin (20 Ag/well) or SGP induction of apoptosis over a 24-hour period (Fig. 2C), which
in the presence or absense of matrigel for 24 h. Cell viability (%) was was confirmed by a caspase-3 activation assay. KS1767 cells
evaluated after no treatment (medium or matrigel alone), incubation
with SGP or doxorubicin. Cell death was evaluated morphologically (29,
30), and cell viability was compared relative to untreated controls (no peptide (Fig. 2D). However, the classic morphological signs of

matrigel) or absence of SGP. apoptosis, such as nuclear condensation (Fig. 2E, short arrow)

and plasma membrane blebbing (Fig. 2E, long arrow), were
RESULTS apparent in KS1767 cells after a 24-hour treatment with 3 AM

SGP Effects on Cultured Cells-To evaluate the effects of SGP. Similar results were obtained using different cell lines,

SGP on cell membranes we treated multiple human cell lines of including several types of malignant cells (solid tumors and

different origins (Table I). These lines included the Kaposi's leukemic cell lines) and non-neoplastic cells (including endo-

sarcoma-derived cell line KS1767, the breast carcinoma-de- thelial cells and fibroblasts isolated from multiple organs and

rived cell line MDA-MD-435, and the microvessel endothelial cells of glial origin, Table I). As negative controls, we used

cell line dermal microvessel endothelial cells (27-29). Treat- altered forms of SGP (SGP-L and SGP-E). In SGP-L, the cen-

ment of KS1767 cells with >10 AM SGP led to rapid non- tral all alanine helix was replaced by an all leucine helix. In

necrotic, non-apoptotic cell death, characterized by 100% loss of SGP-E, lysines have been replaced by glutamic acids, and we

viability within 60 s (Fig. 2A), as determined by Trypan Blue had previously determined that the ability of such analogs to



An Artificially Engineered Protein with Anti-tumor Activity 35313

100_ B' 00 -A '°1B o
90- 90-
80° 80.

70-~ 70-

60 60-

so0 C 50

40- 40-

$30. $30-

20- 20-

10- 10o

0 0-
0 15 30 45 60 15 30 45 60

Time (sec) Time (min)

CD
100-

90-

80

70-

~60so-

40-

206

10

0-
0 1 6 12 24

Time (hrs)

Fic. 2. SGP treatment of cultured tumor cells. A, human Kaposi's sarcoma-derived KS1767 cells treated with 10 /M SGP undergo extremely
rapid non-necrotic, non-apoptotic cell death within 60 s (black bars), whereas those treated with 100lAM of negative control peptide DLSLARLATARLAI
are unaffected (scheme bars) (p < 0.04). B, necrosis is observed in KS1767 cells treated with 10 Mm SGP within 60 min (black bars), whereas those
treated with 100 Am of negative control peptide are unaffected after 60 min (gray bars) (p < 0.03). C, apoptosis is observed after treatment with 3 AM
SGP over 24 h, whereas cells treated with 100 lxM of negative control peptide are unaffected after 24 h (gray bars) (p < 0.05). Hoffman contrast
microscopy of KS1767 cells treated with 

10 0 
gM of negative control peptide (D) for 24 h or 3 Mm SGP for 24 h (E). Cells with nuclei exhibiting margination

and condensation of chromatin and/or nuclear fragmentation (early/mid apoptosis-acridine orange positive) or with compromised plasma membranes
(late apoptosis-ethidium bromide positive) were scored as not viable (500 cells per time point were scored in each experiment). Percent viability was
calculated relative to untreated cells under all experimental conditions. Classic morphological characteristics of cell death including condensed nuclei
(short arrows) and plasma membrane blebbing (long arrows) are evident. Results were reproduced in more than three independent experiments.

disrupt synthetic membranes is diminished (22). SGP-L and A 2500 B
SGP-E were substantially less toxic to mammalian cultured
cells (Table I). The LC 0o was increased by at least 10-fold in all • 2

cell types tested with SGP-L and SGP-E when these inactive E

versions of the protein were tested. These observations clearly •

show that the integrity of the SGP helices is required for SGP E

membrane disrupting activity. Taken together, these data - 0

demonstrate that SGP is a potent membrane-disrupting agent, . 1000 C

but also that it is not cell-selective and it will affect tumor- 0

derived cells as well as normal cells at similar concentrations3M. 500 -

(-3 gm).
SGP Has Anti-tumor Activity in Vivo-Given the potent 0 0 ga

membrane-disrupting activity of SGP, we proceeded to evalu- PBS SGP

ate SGP anti-tumor activity in nude mice bearing human tu-

mor xenografts. We hypothesized that direct administration of Fiv. 3. SGP treatment of nude mice bearing human breast

SGP might reduce tumor volume and retard metastasis. In the cancer-derived xenografts. Data are shown for human MDA-MB-

first set of experiments, tumors were allowed to form after 435-derived breast carcinomas. Mice had tumor volumes ranging from
100 mm' to 600 mm3 

and were divided in similar groups based on
injection of a breast carcinoma cell line (MDA-MD-435) and matched tumor volumes at the start of the experiment (open circles). A,

then treated with local injections of SGP. We observed that SGP-treated tumors are smaller than controls (PBS-treated or SGP-

tumor volume was significantly smaller in SGP-treated mice treated tumor volumes at the end of the experiment are represented as

than in the PBS-treated control mice (Fig. 3A). Starting tumor closed circles). Differences in tumor volumes at 8 weeks are shown (t

volumes ranged from about 100 mm
3 

to large sizes of about 600 test, p < 0.05). A total of 10 mice received SGP. B, representative
pictures of tumors after 4 weekly treatments with SGP at 40 MI/week,

mm 3
. Tumor-bearing mice were given four weekly treatments n = 5 for each experimental group. The volume of the PBS-treated

of PBS, or 100 AIM or 1 mM SGP (40 Jil/treatment given in 5 Al tumor is 400 mmin (left), whereas 100 JiM SGP (middle) and 1 mm SGP
increments). After a 4-week period without treatment, the tu- (right) treated tumors have flattened and virtually disappeared. These

mor volumes were measured at 8 weeks. The average tumor three tumors began at volumes of 100 mm'. C, lack of skin toxicity of
SGP. Subcutaneous injection (40 ul) of 100 1M SGP (left injection sight,

volume at the end of the experiment in the SGP-treated groups arrow) and of PBS (right injection site, arrow) demonstrates that SGP is
was 5X less than the average volume seen in the PBS-treated relatively non-toxic to normal skin. Results represented in C were

group (Fig. 3A). There was no difference between the average reproduced in eight independent experiments.
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B %tumor volumes of the 2 SGP treatment groups. Mice treated
with SGP remained tumor-free for up to 4 months after tumor
implantation, before being euthanized for histological evalua-
tion. These observations indicate that both primary tumor

E growth (Fig. 4) and metastases were inhibited. Surgical exam-
ination of the tumor sites revealed no sign of tumor cells.
Similar results were obtained when xenografts were produced
by injection of prostate (Fig. 5A) and lung carcinoma (Fig. 5, B
and C) cell lines. By successfully treating a large number of
mice and testing the effects of SGP on several different tumor
xenograft models (including carcinomas, sarcomas, and mela-
nomas), we firmly established the therapeutic properties of
SGP. Our data also show that that the anti-tumor effects of
SGP are not limited to a specific tumor type. We also deter-

k mined whether SGP produced adverse side effects such as
necrosis when injected under normal skin. Strikingly, in all

PaBS- mice tested, SGP did not produce any surface effect when
r injected intradermally or sub-cutaneously (Fig. 3C) when com-

,o pared with mice that did not receive the active form of SGP.
o Histopathological analysis of SGP-treated MDA-MD-435 hu-
E man breast carcinoma xenografts showed widespread cell
V-_ death (Fig. 4, upper right panel), as compared with PBS-treated
P.- tumors (Fig. 4, upper left panel). Many condensed nuclei were

apparent (Fig. 4, upper left panel, short arrows), and there was
no effect on the extracellular matrix (Fig. 4B, long arrows).

U) Apoptosis was confirmed by a caspase-3 activation assay (data
not shown). It is noteworthy that whereas 100 p•m SGP induced
almost immediate cell death in vitro that was apparently nei-
ther apoptotic nor necrotic, 100 A•m SGP induced apoptosis in
vivo. Work is underway to evaluate lower concentrations. SGP-
treated human KS1767 Kaposi's sarcoma-derived xenografts

Flu. 4. SGP-treated tumors undergo widespread cell death, showed similar effects (Fig. 4, left and right panels). Histolog-
Histopathological tissue sections of human tumor xenografts harvested ical analysis of the major organs of SGP-treated mice showed
at 8 weeks after treatment initiation are shown. Tissue sections from
human MDA-MB-435-derived breast carcinoma xeno-grafts from nude no overt pathology, confirming that SGP treatments do not
mice treated with PBS-treated tumor tissue but with 100 A.m SGP, show affect sites other than the injected tumor area (data not
extensive apoptosis with many evident condensed nuclei (short arrows) shown). Thus, SGP has anti-tumor specific effects, without
and an intact extra-cellular matrix (long arrows); n = 7 for each exper- showing any tumor cell-specific effects.
imental group. Tissue sections from human KS1767-derived Kaposi's Mechanism of SGP Action and Selectivity toward Cell Mern-
sarcoma xenografts in nude mice had a similar outcome, a representa-
tive image of a PBS-treated tumor, and a tumor treated with SGP branes--To determine the mechanisms responsible for selec-
are shown. tive anti-tumor activity of SGP in vivo, we designed a matrigel
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FIG. 5. SGP treatment of nude mice bearing human prostate and lung cancer xenografts. Data are shown for human PC3-derived
prostate carcinoma and H358 lung carcinoma. Tumor cells were implanted on the flank at the start of the experiments. Mice were divided in similar
groups based on matched tumor volumes at the start of the experiment (open circles). A, SGP-treated PC-3 tumors are smaller than control
PBS-treated tumors. Differences in tumor volumes at 10 weeks are shown (t test, p < 0.05). B, SGP-treated H358 tumors are smaller than control
PBS-treated tumors. Differences in tumor volumes at 9 weeks are shown (t test, p < 0.05). C, representative pictures of tumors after 6 weekly
treatments at 40 AI/week (see "Experimental Procedures"); n = 7 for each experimental group. SGP-treated tumors, as indicated, have disappeared.
A, SGP-treated tumors are smaller than controls (PBS-treated or SGP-treated tumor volumes at the end of the experiment are represented as
closed circles).
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FiG. 6. SGP treatment of cultured
tumor cells in the presence or ab-
sence of matrigel or polymeric fi-
bronectin. Treatment of KS1767 cells
with 1 mm SGP decreases cell viability
and leads to condensed nuclei and plasma
cell membrane blebbing (B), whereas cells
treated with 1 mm of SGP in the presence D
of matrigel remain unaffected after 60
min (D). KS1767 cells without (A) or with
a layer of matrigel (C) remained healthy
for as long as 48 h. Results were repro-
duced in four independent experiments.
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sFn -. . . . + - - Matrigel + Dox - - + - -
sFN + SGP - + - SGP - - - + -
FN + SGP . . . . .. + Matrigel + SGP - - - - +

FiG. 7. Cytotoxic assay in vitro and effects of matrigel. A, KS1767 cells were exposed to doxorubicin or SGP in the presence or absence of
matrigel for 24 h. Cell viability (%) was evaluated at 24 h after no treatment (medium or matrigel alone), or incubation with SGP or doxorubicin
(20 pg/well), as indicated. In contrast to SGP, doxorubidin decreased cell viability (*, p < 0.01) in the presence of matrigel. Shown are S.E. obtained
from triplicate wells. Results were reproduced in four independent experiments, B, KS1767 cells were exposed to SGP in the presence or absence
of polymeric fibronectin. In contrast to cells exposed to ethanol, cells treated with 1 mm of SGP in the presence of polymeric fibronectin (sFN)
remain unaffected (*, p < 0.01). Cell viability (%) was evaluated morphologically. Shown are S.E. obtained from triplicate wells. Results were
reproduced in three independent experiments.

assay (to mimic extracellular matrix). In the absence of matri- interfere with cell viability (Fig. 7A), whereas ethanol induced
gel, SGP led to severe disruption of cell membranes, resulting massive cell death. Fibronectin alone did not prevent SGP
in almost 100% loss of viability over 10 min (Fig. 6B). In activity and was used as a control.
contrast, in the presence of matrigel, KS 1767 cells were unaf- The observations in this model are consistent with the lack of
fected by incubation with 1 mm SGP (Fig. 6D). This loss of skin toxicity seen with SGP. We propose that the discrepancy
membrane disrupting ability in the presence of a thin matrigel between in vitro and in vivo SGP effects (anti-tumor cell activ-
layer could account for the lack of SGP toxicity seen in vivo. ity versus selective anti-tumor activity) results from the potent
Ethanol, as shown in Fig. 7A, or cytotoxic drugs such as doxo- membrane-disrupting activity of SGP, which is inactivated in
rubicin (Fig. 7B) damaged the cell layer under similar condi- the presence of extracellular matrix and connective tissue.
tions, regardless of the presence of matrigel, which fails to
provide protection from the other toxic agents because these DISCUSSION

other agents more readily diffuse through the matrix. When SGP represents a novel class of anti-cancer proteins whose
matrigel was replaced by polymeric fibronectin (sFN) (31), an- therapeutic effects can be optimized by amino acid substitution
other form of matrix, SGP was also ineffective and did not and by altering helical domain length and hydrophobicity (32).
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